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Summary   
The annual atmospheric dust-load originating in the so-called Dust Belt1, which ranges from the Sahara 
desert and the Arabian peninsula to the arid lowlands of Central Asia and the deserts of northern China, 
impacts the air quality and the climate worldwide. Iran as a whole, and especially the southwestern 
regions of the country, most affected by dust, with frequent dust storms characterized by annual mean 
concentrations of more than 100 µg/m³ of suspended dust. Although aeolian dust is a highly relevant 
problem in Iran, there is a lack of comprehensive regional studies on this topic. The central aim of the 
study presented here is therefore the spatiotemporal analyses and classification of dust events, the 
chemical composition of the dust, and the connections between regional and seasonal climate variation 
and dust deposition rates in four sub-regions of Iran. This comprehensive approach is based on the 
maximum mean dust concentration and the seasonality of dust events. The results are provided new 
and valuable insights into the dust deposition and its related processes in the study area. 
The study area covers 8.43% of Iran (about 117,000 km2), located between 45°30′00″ E 35°00′00″ N 
and 49°30′00″ E 30°00′00″ N  including Kermanshah, Lorestan and Khuzestan. The fieldwork area is 
characterized by the rolling mountainous terrain about 4000 m above sea level (a.s.l) in the north and 
east, plains and marshlands in the south. Study area has also located in dry climate and hot summer 
conditions in the south, cold and hot desert climates in the west. The studies on aeolian dust in 
southwestern Iran are based solely on ground deposition rates from 2014 to 2017. 
To address the connections between the Ground observation of dust Deposition Rates (GDR), climate 
zones, and weather patterns, a comparative analysis with various data sets was conducted. Both 
gravimetric and directional dust samplers (10 each) were installed to record the monthly GDR between 
2014 and 2017. The sampler design was deliberately kept simple to ensure long-term durability and 
easy maintenance. The collected dust samples were analyzed for their chemical composition using 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The ten sampling sites were also classified 
by their land use / land cover (LULC) for a more detailed data interpretation. The observation data 
during two typical dust cases (spring 2014 and winter 2015), have furthermore been compared with the 
spatiotemporal dust concentration and dust load over the study area. Comparing the results of the 
monthly mean Aerosol Optical Thickness (AOT) derived from the Moderate Resolution Imaging 
Spectroradiometer (MODIS) and GDR data, using enhancement algorithms were applied in order to 
investigate the spatiotemporal distribution of dust events. To demonstrate the aerosol movement, a 
HYbrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model was used for tracing the 
investigated dust events. The time-space consistency between AOT and GDR, in agreement with the 
HYSPLIT model output was the basis for an improved estimation of the dust deposition rate from 
separate thickness layers. Finally, by comparing the high temporal and maximum seasonal deposition 
rates, using MODIS and GDR data, the impact of the regional climate on the deposition rates of aeolian 
dust was assessed, which allows insights in potential future dust emission scenarios in times of climate 
change.  
A major finding shows the impact of dust events on the environment and considers the influence of 
geographical factors, such as weathering, and climate pattern over aeolian dust deposition rates. In 
more detail, finding to address the first objective suggested that contributors of the elemental 
concentrations are associated with elements emanating from local industrial and commercial activities 
(Cr, V, and Cd). The dominant variables (K, Zn) strongly influence the aerosol composition values and 
                                                     
 
1 - The dust belt stretches from the Sahara desert in Africa to the Gobi desert in Central and East Asia. Credit: 
Adapted from Hofer et al., (2017) 
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represent the dust transport route. Inter –element relationships shows that the highest proportion (80%) 
of dust samples subjected to Airborne Metals Regulations are formed under local and regional 
conditions. Besides, the analyses indicate that the WRF-Chem model adequately simulates the 
evolution, spatial distribution and load of dust over the study area. Hence, the model performance has 
been evaluated by GDR. It showed different values of GDR highly depending on LULC pattern. Due to 
the fact, that there is no way to isolate each individual area from the effects of either anthropogenic 
sources or natural weathering processes, developing guidance on the priorities of expanding projects 
and preventative actions towards potential dust deposition from natural and dominant sources may be 
a subject of institutional interest.  
The results of direct measurements of dust deposition, which are typically made by passive sampling 
techniques (ground-based observations), along with analyzed data from AOT, represent the second 
objective to understand the spatiotemporal pattern of the points with the same variation. The 
corresponding points headed to find moving air mass trajectories, using HYSPLIT were proven to be a 
discriminator of their local and regional origin of aeolian dust. Furthermore, the seasonal deposition rate 
varied from 8.4  g/m2/month in the summer to 3.5  g/m2/month in the spring. Despite all the advances 
of AOT, under certain circumstances, the ground-based solutions were able to represent aerosol 
conditions over the research area, tested in the southwestern regions of Iran. And that is when the low 
number of observations is a commonly acknowledged drawback of GDR. 
In addition, the peak of the seasonal deposition rates (t/km2/month) occurred in [arid desert hot-BWh, 
8.4], [arid steppe hot-BSh, 6.6], and [hot and dry summer-Csa, 3.5] climate regions. Thus, the third 
objective response was detected as the highest deposition rates of dust BWh >BSh >Csa throughout 
the year, once the annual mean deposition rates (t/km2/year) are 100.80 for [BWh], 79.27 for [BSh], and 
39.60 for [Csa]. The knowledge gained on the dust deposition processes, together with the feedback 
from the climate pattern, will provide insights into the records of data for developing new sources, 
deposition rates and their climate offsets. Taking this in mind, having information about the ground 
deposition rates in the study region could make the estimations more accurate, while finding an 
appropriate algorithm is necessary to enhance the affected areas exposed to the dust. In order to 
assess the impact of dust events on human health, environment and the damage to the various 
business sectors of the country’s economy, additional studies with adequate modelling tools are 
needed.  
Due to this date, the data holding organizations are somewhat reluctant to make their data available to 
other parties. This work is also a step toward an institutional suggestion to gain benefit from information 
exchange amongst data holding organizations, providers and users. The need for capacity building and 
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Die jährliche atmosphärische Staubbelastung im sog. Staubgürtel, dessen Quellgebiete von der 
Sahara, der Arabischen Halbinsel, bis nach Zentralasien und Nordchina reichen, hat einen starken 
Einfluss auf die Luftqualität und das globale Klima. Eine der am stärksten vom atmogenen Staub 
betroffenen Regionen ist der Iran, und hier insbesondere  dessen südwestliche Gebiete, die sehr häufig 
Staubstürmen ausgesetzt sind, bzw. davon beeinflusst werden. Diese können im Jahresmittel 
Konzentrationen von über 100 µg/m³ erreichen. Trotzdem Staub im Iran ein besonders relevantes 
Problem darstellt, fehlen bisher Regionalstudien darüber. Das zentrale Ziel dieser Studie ist es deshalb, 
raum-zeitliche Analysen und eine Klassifikation von Staubereignissen, deren chemische 
Zusammensetzung und die Beziehungen zwischen regionalen und jahreszeitlichen 
Klimaschwankungen sowie Staubdepositionen in vier Subregionen mittels der maximalen mittleren 
Staubkonzentration und der Saisonabhängigkeit der Staubereignisse zu bestimmen. Dieser integrierte 
Forschungsansatz gestattet es, neue und wertvolle Kenntnisse über Stäube im Untersuchungsgebiet 
zu gewinnen. 
Das Untersuchungsgebiet hat eine Fläche von etwa 117,000 km2. Das sind 8.43% der Fläche des Iran. 
Unter Berücksichtigung von Probenentnahmestellen, die sich zwischen 45° 30′ 00″ zu 49° 30′ 00″ E 
und 30° 00′ 00″ zu 35° 00′ 00″ N in den Provinzen Kermanshah, Lorestan und Khuzestan befinden, 
wurde das Untersuchungsgebiet abgegrenzt. Das Feldforschungsgebiet ist geprägt von Gebirgen bis 
etwa 4.000m NN und Gebirgsvorländern im Norden und Osten sowie Flachland und Marschland im 
Süden. Nördlich des Persischen Golfs, im Südwesten des Iran, erstreckt sich ein Teilgebiet mit 
trockenem Klima und heißen Sommern, wohingegen das Teilgebiet im Nordwesten des Landes 
winterkaltes und sommerheißes Wüstenklima aufweist. Die Untersuchungen der äolischen 
Staubdepositionsraten im Südwesten des Iran wurden zwischen 2014 bis 2017 durchgeführt.    
Um die Zusammenhänge zwischen den Staubdepositionsraten in 2 m Höhe bzw. Ground observation 
of dust Deposition Rate (GDR) und dem Klima, dessen synoptischen Bedingungen und Wettermustern 
zu untersuchen, wurde eine vergleichende Analyse mit unterschiedlichen Daten durchgeführt. Sowohl 
gravimetrische als auch ausgerichtete Staubsammler (insgesamt 10) wurden so konstruiert und 
installiert, dass die Partikelmasse, die sich aus der Luft absetzt, bestimmt werden kann. Die 
Staubsammlerkonstruktion wurde absichtlich einfach gestaltet, um die Aufrechterhaltung und einfache 
Wartung des Messbetriebs sicher zu stellen. Bezug nehmend auf das erste Ziel erfolgte die Messung 
der Staubdepositionen durch eine chemische Analyse mittels induktiv gekoppelter 
Plasmamassenspektrometrie (ICP-MS). Die 10 Messstellen des Untersuchungsgebietes wurden nach 
der Flächennutzung bzw. der Bodenbedeckung (LULC) klassifiziert, um diese für Auswertungszwecke 
nutzen zu können. Die Beobachtungsdaten für zwei typische Staubfallbeispiele (Frühjahr 2014 und 
Winter 2015) wurden auch mit der räumlich-zeitlichen Staubkonzentration und Staubbelastung über 
dem Untersuchungsgebiet verglichen. Beim Vergleich der Ergebnisse der monatlich durchschnittlichen 
Aerosol Optical Thickness (AOT), welche von MODIS (Moderate Resolution Imaging 
Spectroradiometer)  und GDR - Daten abgeleitet wurden, kamen erweiterte Algorithmen zum Einsatz, 
um die raum-zeitliche Verteilung von Staubereignissen bestimmen zu können. Damit die 
Aerosolbewegung nachvollzogen werden kann, wurde ein „Hybrid-Einzelpartikel- Lagrangschen-
Integriertes-Trajektorie (HYSPLIT) - Modell eingesetzt. Die Zeit-Raum-Konsistenz zwischen AOT und 
GDR wurde durch Anpassung mit dem Ausgangsmodell, HYSPLIT, erreicht, um Abschätzungen der 
Staubdepositionsrate aus den einzelnen dicken Schichten (AOT)  zu ermöglichen. Schließlich erfolgte 
ein Vergleich der hohen zeitlichen und maximal saisonalen Deposition mittels MODIS und DDR-Daten, 
um den Einfluss des Regionalklimas auf die Depositionsraten des äolischen Staubs bewerten zu 
können. Damit werden neue Erkenntnisse für potentiell zukünftige Staubemissionen in Zeiten des 
Klimawandels möglich. Eine wichtige Erkenntnis aus dieser Forschung besteht darin, dass 
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Auswirkungen von Staubereignissen auf die Umwelt und dessen Einflüsse auf geographische Faktoren, 
wie Verwitterung, Klimamuster und synoptische Bedingungen über äolische Staubdepositionsraten 
festgestellt werden können. 
Bei näherer Betrachtung bezieht sich die Erkenntnis aus dem ersten Ziel darauf, dass die 
Staubzusammensetzung mit den Elementen, die aus lokalen, industriellen und kommerziellen 
Aktivitäten (Cr, V, and Cd) stammen, in Verbindung steht. Die dominanten Variablen (K, Zn) 
beeinflussen die Werte der Aerosolzusammensetzung stark und sind aus dem Staubtransportweg 
erklärbar. Das Ergebnis zeigt auch, dass der größte Anteil der Staubproben (80%), lokale und regionale 
Ursprünge hat. Zusätzlich deuten die Analysen darauf hin, dass das WRF-Chem. Modell die 
Entwicklung, die räumliche Verbreitung und die Staubbelastung im Untersuchungsgebiet angemessen 
simuliert. Da die Modellleistung durch die GDR überprüft wurde, zeigen sich unterschiedliche Werte 
der DDR, die sehr stark von den LULC Mustern abhängig sind.  Da es nicht möglich ist, einzelne 
Gebiete vor sowohl anthropogenen Quellen als auch natürlichen Verwitterungs- und 
Staubbildungsprozessen zu isolieren, stellen die Entwicklung von Handlungsempfehlungen vor allem 
für neue Projektaktivitäten und präventive Maßnahmen zur Reduzierung der potentiellen  
Staubbelastung Gegenstände von hohem institutionellem Interesse dar. 
Die Ergebnisse direkter Staubdepositionsmessungen mittels passiver Staubsammler (ground-based 
observations) repräsentieren zusammen mit ausgewerteten Daten aus der AOT das zweite Ziel, um so 
die raumzeitlichen Muster in ihrer Variabilität zu verstehen. Die korrespondierenden Merkmalspunkte 
die zur Suche von sich bewegenden Luftmassenbahnen genutzt wurden, verwenden das HYSPLIT - 
Modell, das es ermöglicht, die lokalen und regionalen Herkünfte äolischer Stäube zu unterscheiden. 
Die jahreszeitliche Depositionsrate variiert zwischen 3.5  g/m2/Monat im Sommer und  8.3  g m2/Monat 
im Frühling und gibt einen Einblick in die Transportrichtung des Staubes.Ungeachtet der Vorzüge der 
AOT-Messwerte können bodengestützte Messungen unter bestimmten Umständen die 
Aerosolbedingungen im Untersuchungsgebiet besser darstellen, obwohl die geringe Anzahl von 
Beobachtungen ein allgemein anerkannter Nachteil bei der Bestimmung der Staubdepositionsraten ist. 
Das wurde in den südwestlichen Regionen des Iran getestet. 
Der Höhepunkt der saisonalen Ablagerungsrate (g/m2/Monat) tritt in den trockenen Wüsten [heiß- BWh, 
8.4], Wüstensteppen [heiß-BSh, 6.6] und heißen und trockenen [Sommer-Csa, 3.5] Klimaregionen auf. 
Laut des dritten Ziels wurde die höchste Staubdepositionsrate (BWh >BSh >Csa) festgestellt, wenn der 
jährliche Mittelwert der Depositionsrate (t/km2/ Jahr) für [BWh] 100.80, für [BSh] 79.27, und für [Csa] 
39.60 betrug. Die über die Staubablagerungsprozesse gewonnenen Erkenntnisse werden in 
Verbindung mit den Klimamustern neue Erkenntnisse über Quellen, Depositionsraten und deren 
klimaabhängigen Schwankungen gewähren. Kenntnisse aus Depositionsmessungen erlauben es, 
Aussagen über die Staubbelastung im Untersuchungsgebiet viel präziser zu tätigen. Dagegen muss 
noch ein geeigneter Algorithmus gefunden werden, der die Exposition der vom Staub betroffenen 
Gebiete besser widerspiegelt. Um die Auswirkungen von Staubereignissen auf die menschliche 
Gesundheit, die Umwelt und die Schädigung der verschiedenen Wirtschaftszweige des Landes 
beurteilen zu können, sind zusätzliche Studien mit geeigneten Modellierungsinstrumenten erforderlich.  
Leider erschweren Organisationen, die ihre Daten anderen nicht zur Verfügung stellen, die Forschung 
und daraus abzuleitende Lösungen. Diese Arbeit versteht sich auch als ein Schritt in Richtung eines 
Vorschlags zur Verbesserung des Informationsaustauschs zwischen Datenerfassungsorganisationen, 
Anbietersektoren und Benutzern. Die Notwendigkeit des Aufbaus von Kapazitäten und einer strengen 
Politik zur Implementierung eines benutzerfreundlichen Geoinformationsportals, ist von wesentlicher 
Bedeutung.                       
 
Keywords: Dust deposition rate, Climate forcing, AOT, HYSPLIT, ICP-MS, Metal concentrations, 
Aeolian dust, WRF_Chem, LULC, climate zone, Iran      
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 Research Proposal 
1.1  Introduction  
Aeolian impact and dust storms are the results of strong winds, which are common earth-surface 
processes for both sediment transportation and deposition. Particles can be moved long distances by, 
for example, winds from Central Africa to Arctic regions and they can be deposited either by trapping 
or settling in various places depending heavily on wind direction (Nickling and Brazel, 1984; 
Sleewaegen et al., 2002) and barriers. Recently, western Asia and the Middle East are regions affected 
by dust storms causing a reduced visibility (Furman, 2003; Akbari, 2011).  The nature of deposition 
varies according to the proximity and nature of the source material, the terrain, and the conditions 
responsible for transport and deposition. To address the environment impact of dust process, deposition 
morphology, previous work within well structured will be discussed in the following. 
1.2 Deposition  morphology and generalisation   
According to the proximity and nature of the source material,  the nature of deposition are clarified  in 5 
scenarios (Roberts, 2008). Scenarios of schematic models to explain the formation of loess- and other 
related aeolian-deposits source rebuild and determined in figures (1.1-1.5)  with courtesy of (Pye, 1995). 
In the first scenario thick deposition are often found immediately downwind, which were the source of 
dust (Fig. 1.1).  
 
Figure 1.1 Proximal loess accumulation 
Where source material consists of a greater range of grain sizes, sediment-sorting processes can also 
give rise to aeolian sand and loess deposits being found close to each other. Either as one contagious 
deposit ranging from sand dunes, to sand sheets, sandy loess, and finally silt and clay-loess (Fig. 1.2) 
or as sand dunes and loess deposits separated by a clear zone of sediment bypassing (Pye, 1995; 
Muhs et al., 2003). The third scenario shown in Fig. 1.3 is of a situation in arid zone with both a rainfall 
gradient and a gradient of vegetation density. According to (Pye, 1995) these conditions can be found 
in desert margins, in which loess can accumulate in sparsely vegetated areas some considerable 
distance downwind of the source of the dust. The lack of vegetation in the intermediate area means 
that most dust particles pass through forward (Fig 1.3). In contrast to the scenario shown in (Fig. 1.2) 
occurs where there is sufficient moisture and hence vegetation to enable a gradual transition in grain 




Figure 1.2 Sandy loess transition 
Loess may also accumulate against topographic barriers in the fourth scenario. Topographic obstacles 
interrupt the flow of the wind, potentially leading to enhanced deposition on the windward side of the 
barrier (Fig. 1.4), but the deposition on the summit and or enhanced preferential deposition in the shelter 
side of the feature has been observed. 
 
Figure 1.3 Loess accumulation along a climate gradient 
The scenario illustrated in figure 1.4  is a single sediment source responsible for the proximal and distal 
accumulations of aeolian sand and loess (Muhs et al., 2003). Formation of proximal aeolin sand dunes 
further rise in response to accumulate deposition from local sediment sources. As fifth scenario depicted 
(Fig. 1.5) a distal sediment source also brings finer-grained sediments which are deposited over a wider 
area, forming loess deposits which have a distinctly different source to the aeolian sand, and may also 
have been deposited at very different time. 
 
Figure 1.4 Loess accumulation against a topographic obstacle 
Schematic models to explain the formation of loess and other related aeolian deposits source rebuild 
with courtesy of (Muhs et al., 2003).  The role of vegetation in all these models of loses accumulation 
is critical, because obstacles (topographic and vegetation) disrupts the flow and reduces the wind 
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speed, hence reducing the re entrainment of deposited dust and it also provides a physical trapping 
mechanism for the dust.   
 
 
Figure 1.5 Accumulation from two separate sources 
1.3 The state of the art 
Dust is the most pervasive and essential factor affecting human welfare which derives from the earth`s 
crust (Banerjee, 2003; Yongming et al., 2006). Although natural forces drive dust transport and 
deposition, dust transport processes can also be substantially constituted through human activities, 
including off-road driving (Gillies et al., 2005; Goossens et al., 2012), land use change (B. Marticorena 
et al., 1997; R. Reynolds et al., 2001; J. A. Gillies et al., 2005; J. C. Neff et al., 2008). Small solid and 
dry particles can be remain suspended in the Earth’s atmosphere long enough to extensively affect 
weather and climate (Calvert, 1990; Charlson et al., 1992; Prospero et al., 2002; Song et al., 2008; 
Rezazadeh et al., 2013). In fact, while particles are airborne,  they can affect the radiation balance 
through scattering and absorbing radiation (Tegen et al., 1997; Haywood and Boucher, 2000; Sokolik 
et al., 2001; Tegen et al., 2004; Kim et al., 2008). Thus, interact with solar and terrestrial radiation, 
depending on their mineralogical composition, which is determined by the source of deposition (Okin et 
al., 2004; Mahowald et al., 2005). Mineral dust aerosols furthermore, influence the climate system 
directly by scattering and absorbing radiation (Kaufman and Koren, 2006; Alizadeh Choobari et al., 
2013). It is associated with alterations in meteorological significance that may change the vertical 
profiles of temperatures and wind velocity thus, they can be deposited either by trapping or settling in 
various places depending heavily on wind direction (Alizadeh Choobari et al. 2013). Aside from 
immediate threats to atmospheric condition and satellite retrievals (Merchant et al., 2006; Amiridis et 
al., 2013), dust also significantly affects air quality (Claiborn et al., 2000; Liu et al., 2006).  
On a global scale the aeolian dust transport cycle and dust loads are closely connected to climate 
variability and changes (Jouzel et al., 1996; AO, 2001; Goudie, 2009; Huang et al., 2011) and have 
reciprocal effects (Ramanathan et al., 2005). During transport, dust particles are continuously removed 
from the atmosphere by processes of dry and/or wet deposition (Lawrence and Neff, 2009). By all 
means, dislocating aeolian dust material over hundreds of years creates conceivable positive and 
negative feedback between the dust loads in the atmosphere and climate (Swap et al., 1992) that can 
be important for terrestrial systems. It provides essential nutrients for plant growth that are contained in 
the fertilized terrestrial dust, and a series of wet years can trigger rapid re-vegetation of desert surfaces 
(Falkowski et al., 1998; Jickells et al., 2005).  
All the while positive feedback, aeolian dust might also increase soil salinity (Popov, 1998), reduce the 
photosynthetic efficiency (Razakov and Kosnazarov, 1996), depreciate air quality, and impair human 
health (Stone, 1999; O’Hara et al., 2000; Wiggs et al., 2003; Opp et al., 2017). With other words, the 
mass deposition rate of dust particles may cause considerable negative health effects (Roberts, 2008; 
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Albani et al., 2015; Kharazmi et al., 2018; Sharifi et al., 2015), and  infections (Thomson et al., 2006; 
Díaz et al., 2012; de Longueville et al., 2013). It can effect further,  agriculture (Stefanski and Sivakumar, 
2009), engines and technical infrastructure (El-Nashar, 2003;  Tegen et al., 2004; Elminir et al., 2006; 
Mahowald et al., 2010; Ohde & Siegel, 2012; Kazem et al., 2014). Moreover,  causing severe economic 
damages (Ai and Polenske, 2008; Miri et al., 2009).  
 
Figure 1.6 Feasible dust deposition and concentration  
*Dust deposition [A], Visibility and dust concentration [B], and Turbine Vanes [D,E]  are provided by M. A. 
Foroushani . Desertification [C] provided by Christian Opp 
As shown in Fig. 1.6, unlike earthquakes and other natural disasters, the effects can be mitigated, often 
reversible through the restoration of degraded lands where feasible.  However, the economic and social 
impacts are often underestimated. During the last decades, dust event frequency and intensity have 
increased significantly in the western parts of Iran (Gerivani et al., 2011). Equally,  Cao et al., (2015) 
identified the main dust sources and areas prone to desertification in southwest (Khuzestan) based on 
satellite remote sensing, while (Rezazadeh et al., 2013) examined the most dust-affected areas based 
on visibility data from meteorological stations. Both studies uncovered the most dust-affected areas in 
southwest (Khuzestan Province) and southeast (Sistan Basin) of Iran. 
 
Figure 1.7 Satellite imagery over Iran 
*The photos are provided by the ISS Crew Earth Observations Facility and the Earth Science and Remote 
Sensing (Wilkinson 2014). [a, b] Desert dust in the atmosphere engulfs the Persian Gulf,  and [c] the western 
part of Iran 
 
These regions also were subject of interest to scientific terms of meteorological regimes and the 
monitoring dust event (Tab. 1.1), such as; total suspended particulate (TSP) and particulate matter 
concentrations (PM), dust mineralogy, health impacts and socio-economic effects  (Miri et al., 2007). 
Based on the severity of dust events on the classification method of  (Hoffmann et al., 2008) the 
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categories are referred to: Dusty air, Light dust storm, Dust storm, Strong dust storm, and Serious dust 
storm. 
Table 1.1 Dust storm classification method, after (Hoffmann et al., 2008) 
 
As shown in Tab. 1.2 dust concentration has been extensively examined in many regions with a wide 
range of concentrations and documented sources. The World Health Organization (WHO) recently 
reported the most polluted city based on mean-annual PM10 concentration (Goudie, 2014).  An 
overview of the most relevant literature are emphesised over the following items. In the first place, the  
changing patterns of human activities (Neff et al., 2008), followed by uncertainties in spatial and 
temporal patterns, including different measurement techniques (Sokolik et al., 2001) have been 
addressed.  Besides, the concentration of dust in the atmosphere as well as surface features of the 
environment of the depositional sites (Tegen and Lacis, 1996; Arimoto et al., 1997; Abdou et al., 2005) 
are studied.  In particular, several studies have addressed the dust deposition rate  (Schaap et al., 
2009; Sorooshian et al., 2011; Balakrishnaiah et al., 2012; Crosbie et al., 2015; Yu et al., 2016). 
However, the long-term monitoring atmospheric aeolian against ground observation of dust and 
deposition rate has not been previously investigated in southwestern Iran. This area, frequently 
encountered with dust events and their problems.  
Table 1.2 Dust concentration in different regions 
Reference Year concentration μg/m3 Location 
(Malm and Sisler, 2000) 2012-2015 30 Across the USA 
(Salvador et al., 2011) 2012-2015 40 Madrid- Spain 
(Liu et al., 2015) 2004-2012 95 Saudi Arabia- The west- 
(Liu et al., 2015) 2004-2012 138.5 Beijing- China 
(Gupta et al., 2008) 2008 140.1 Kolkata- India 
(Maleki et al., 2016) 2009-2014 315 Iran- Southwest 
(Goudie, 2014) 2014 254 Iran- West (Sanandaj 
(Goudie, 2014) 2014 229 Iran- West (Kermanshah) 
(Goudie, 2014) 2014 215 Iran- Jasouj 
(Goudie, 2014) 2014 372 Iran- Ahwaz 
 
Considering the importance of dust phenomenon, subsequent problems, and its impact on various 
regions, are the main purpose of this study is to determine aeolian dust performed using statistical data, 
synoptic charts, and remote sensing data for the southwest of Iran.  
Category Visibility (m) Wind speed (m/s) Hourly PM10 (μg/m3) 
Dusty air  Haze – 50–200 
Light dust storm  <2000 – 200–500 
Dust storm  <1000 >17 500–2000 
Strong dust storm  <200 >20 2000–5000 




Figure 1.8 Dust storm had persisted over Iran and the Persian Gulf. 
*On July 4, 2009, a massive dust storm had persisted over Iraq for a week. The dust storm also spread toward 
the east and southeast, over Iran and the Persian Gulf. The Moderate Resolution Imaging Spectroradiometer 
(MODIS) on NASA’s Aqua satellite took this natural-color picture the same day 
 
In this research, the study area is southwest of Iran including Kermanshah, Lorestan, and Khuzestan 
provinces located in the west of mountain ranges of the Zagros foothills and north of Persian Gulf. The 
study area has a high population density, because of the extraction of gas and oil fields, and cultivation. 
The climate conditions are semi-arid to semi-humid. The precipitation of the area is under the influence 
of the Mediterranean raining regime. The most important natural hazards in this area are severe 
droughts, floods, and dust storms. The results can provide a baseline to use in the future assessments 
of environmental impact, and to guide mitigation impact in that area. 
1.4 Problem statement and Hypothesis 
In general, when considering extensive sand and dust deposits in the geological record, plain-land takes 
considerable amount of aeolian deposits. This amount, particularly in great value on land depends on 
artificial and natural obstacles. Beyond the state of deposition rate on land, discriminating aeolian 
sediments in water bodies as a major part of their influences, that could be provided by dust events is 
extremely difficult (An et al. 2012). This study will provide specific guidance on the evaluation of 
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deposition rate. Equally, it targets based on prior information over three missing parts of concept in 
southwest of Iran.   
In the first place, there is a lack of consistant references from chemical gradients in that particular area:  
the result is important to understand if anthropogenic activities can directly affect elemental composition 
in aeolian particles. Significantly, this reference will deploy for many business purposes that is to say 
healthcare systems, economy including industry and agriculture.   
The next missing part takes into account for observation data in comparison with dust load and dust 
concentration values that retrived from instruments.  The correlation between data collected from 
deposition rate and discrimination of dust concentration maintained by instrument, which is still not 
known. Narrow gapped is to find out rate factor from different observation methods. Due to dust 
concentrations in the atmosphere can represent the dust deposition factors but not the rate of deposition 
on the land.  
The last missing part is the absence of information about deposition offset and climate zones, climate 
pattern influence regionally aeolian dust budget. Although the importance of dust deposition as an 
integral component of terrestrial process is well recognized, few studies have directly addressed 
regional climate factor associated with dust deposition rate on the land surface. This part addresses 
this gap by looking at response to the rate closely connected to climate variability. 
1.5 Goal and Research Objectives 
Having data about the deposition rate are usually used to validate model simulations (Yu et al., 2003) 
or may provide a useful benchmark. Accordingly, both passive and active sampling techniques can pay 
off to the lack of information from the deposition rate by ground observations (Taheri Shahraiyni et al., 
2015). The general aim of this study will focus on establishing the association between Ground 
observation of Deposition Rates – GDR- and dust occurrence, chemical gradients, and climate factors 
including pattern of land surface.  Monitoring aeolian dust and improving the understanding of the 
factors influencing dust deposition is a key scientific challenge. Due to one in different climate might 
anticipates different result, the connection between climate zones and dust deposition rates is essential. 
Consequently, climate factors, geographical features, natural and artificial obstruct play an important 
role in the development of the deposition rate.  
The primary purpose of this study is to determine whether there is an evidence to support the hypothesis 
that the area exposed to aeolian dust is associated with the occurrence of the chemical gradient value. 
Specifically to determine the inter correlation of elements. 
The secondary purpose of this research will interrogate the effect of other confounding factors of dust 
(dust load, dust concentration, and dust deposition rate) when dust occurred. Monitoring methods and 
the main factors of association will be investigated. To sum up, response to the following objectives and 
research questions will be fulfilled the research goals: 
 
[1] To investigate the spatial and temporal variability of dust deposition rates in the study area 
[2] To discriminate the major contributors of the elemental concentrations associated with elements 
emanating from natural and dominant sources 
[3] To understand the spatiotemporal pattern of dust distribution and dust concentrations determining 
the seasonal and spatial variability of the dust deposition rate in relation to the climate zones.  
1.6 Research framework 
The research framework explains the path of a research firmly based on flow diagram (Fig. 1.9). The 
process flow is illustrated where data comes from, where it goes and how it presents. Since available 
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data retrieved from divers, terms of serving sources, all concerns were addressed quality data. The first 
group which is making the main reference context of data, consisting of a long-term data that is created 
by NASA with information about the vertical distribution of dust (Aaron van Donkelaar 2010). Moreover, 
required geo-reference and shape files (Geofabrik 2017) besides a map of climate (Peel et al., 2007). 
In addition to the associated sources of airborne trace elements from literature (S. Wang et al., 2006) 
followed by the standard (Geiger and Cooper, 2010), modified annual precipitation report   (IRMO 2016)  
has been retrieved.    
The second data group comprises a set of own experimental data retrieved from research practice 
spatiotemporal data such as data from observation, sampling data, treatment procedures before 
decomposed by inductively coupled plasma mass spectrometry (ICP-MS) based on standard  (ASTM 
D1356, 2017; ASTM D5111, 2012), including element concentration (ASTM D7439, 2014). The third 
group of data is presenting calculated correlation and statistics including the registration, geo-
processing task and mapping into data obtain from fieldwork boundary using ArcMap. 
 
 
Figure 1.9 Research framework, dataset and flow diagram 
1.7 Thesis structure 
The thesis structure is described shortly with the research proposal, followed by the research approach, 
the methods and results, including three publication added into dissertation. They are titled with 
chemical characterization of GDR, spatiotemporal gradients of GDR and AOT, and spatiotemporal 
gradients of GDR and AOT. The final chapter consists of research conclusion and some 
recommendation about future works. 
1.7.1 Research proposal 
The research proposal structure includes the background and the research context, the problem 
statement and the research objectives are provided. This chapter also concludes by, primarily express 
situation as the state of the art, generalization and characterized research question, definition of 
temporary research framework and finally method definition.  
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1.7.2 Research approach (Physical setting)  
This chapter concludes, the developed research framework based on theory and strategic planning for 
sampling sites and the process of gathering and measuring data. 
 
1.7.3 Material and methods 
This chapter contains the observational study, laboratories and statistics designed to answer the research 
questions. Objectives addressed to the three following chapters.  The first objective addresses in a given article 
consist of the finding correlations of different strengths between elemental value using ICP-MS data,  based on 
Airborne Metal Regulations called AMR-matrix (Geiger and Cooper, 2010). Certainly,  a wide range of chemical 
compounds have been examined and classified in a range of studies (Mertz, 1981; X. Wang et al., 2006; Kabata-
Pendias, 2010).  The statements of the next objective conducts to discriminate monthly mean aerosol optical 
thickness (AOT) from the Moderate Resolution Imaging Spectroradiometer (MODIS) compared with the dust 
amount variations collected from the ground observation process. Ground observation of Deposition Rates – 
GDR- therefore, will be introduced as a key factor for finding the relative impact of the dust. Finally, the connection 
between climate zones and dust deposition rates using a reanalysis tool called MERRA-II (The second modern-
era retrospective analysis for research and applications) in combination with GDR between 2014 and 2017 will 
be demonstrated 
1.7.4 Results and discussion 
1.7.4.1 Chemical characterization of GDR 
To reveal the chemical gradient from collected samples (samples with strong correlations between dust 
deposition rate and the dust event frequency), ICP-MS analyses have been applied. The element chart 
was classified based on Airborne Metal Regulations matrix. These findings suggest correlation between 
wind and element emanating from natural (NS) or dominant (DS) activities. The major contributors in 
the elemental concentrations is very critical to identify key component which is necessary for turning 
into products desired air quality objectives that effect a particular area before they become problems. 
The chemical properties of deposited particles is important to develop proper mitigation strategies.   
The observation data (GDR) during two typical dust cases (Spring 2014 and winter 2015), were 
compared with both the spatiotemporal dust concentration and dust load over the study area,  simulated 
by the Weather Research and Forecasting Model coupled with Chemistry (WRF-Chem) for the 
application into the dust modeling system.   
1.7.4.2 Spatiotemporal gradients of GDR and AOT 
To investigate the spatiotemporal distribution of dust events in the study area, the monthly mean aerosol 
optical thickness (AOT) from the Moderate Resolution Imaging Spectroradiometer (MODIS) was 
compared with the dust amount variations from the Ground observation of Deposition Rates – GDR- . 
Getting the dust concentration from AOT and GDR including air mass trajectories simulation, the HYbrid 
Single Particle Lagrangian Integrated Trajectory model (HYSPLIT) was used, in order to discriminate 
the local and regional origin of dust. 
1.7.4.3 Investigation of the GDR in different climate zones  
To investigate the seasonal deposition rates (t/km2/year) in climate zone, results will be addressed to 
the gauge-sites. The highest deposition rates of dust correlated with climate factors will be uncovered. 
The knowledge gained on the dust deposition processes, together with feedback from the climate 
pattern, will provide insights into the records of data for developing new sources, deposition rates and 
their climate offsets. Since the aeolian deposited rate are sensitive over climate zones, even suggesting 
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that additional observation data from GDR on climate regimes might be performed to obtain precise 
information on dust plumes. 
1.7.5 Conclusion 
In this chapter, the research proposal, the morphology and generalization of deposition together with 
direct and indirect influences of immediate treats to the society are reviewed. Furthermore, significant 
retrievals in monitoring and results are discussed. Finally, it is realized that the potential environmental 
and social impact of dust plum ultimately depends on the route (media speed and direction), load, 
concentration, and deposition rate in real world. Thus, the wide range of affects further can only be 
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 Research Approach 
2.1  Introduction  
Iran consists of a complex plain and hilly terrain located in Western Asia, between the Oman sea and 
the Persian Gulf in the south and the Caspian sea in the north. Regions with frequent dust events were 
found in southwestern Iran over the northern tip of the Persian Gulf and in western Iran.  This region is 
strongly affected by dust storms blown from huge deserts of Iraq, Saudi Arabia, and Syria every year, 
especially during the hot season (Alizadeh-Choobari et al., 2016). The dust belt (Fig. 2.1) stretches 
from the Sahara desert in Africa to the Gobi desert in Central and East Asia (Hofer et al., 2017). 
Comparatively, southwestern Iran is being recognized as one of the global hotspots of aeolian dust 
(Shen et al., 2016; Taghavi et al., 2017). In like manner aeolian dust is a very common phenomenon 




Figure 2.1 The dust belt (enclosed by yellow dashes) 
*Stretches from the Sahara desert in Africa to the Gobi desert in central and East Asia. Credit: Adapted from 
(Hofer et al., 2017) 
2.2 Study area  
With two major mountains ranges in the north, oriented from west to east [Alborz], and one mountain 
range stretching from northwest to the south [Zagros], Iran occupies a broad latitudinal range (Fig. 2.2) 
and diverse geographic setting in the north and west 
Airborne dusts travel daily through dust belt conquered  southern and southwestern Iran (Zarasvandi 
et al., 2011; Ghasem et al., 2012; Almasi et al., 2014; Najafi et al., 2014). From summer to cold seasons 
denote that some areas (Taghavi & Asadi, 2008). Western Iran, is much more prone to dust storms 
than other areas. Therefore, this area was considered to design sampling sites  located between 45° 
30′ 00″ to 49° 30′ 00″ E and 30° 00′ 00″ to 35° 00′ 00″ N in southwest of Iran, covering an area of about 
117,000 km2 (Statistical Center of Iran, 2018). From south to north, it includes the provinces of 
 
22 
Khuzestan, Lorestan, and Kermanshah. Thus, the area of study is characterized by mountainous in the 
north and east, the plain and marshland to its south. The altitude ranges from sea level in the southern 
part to 900 m in the north and to 4,000 m above sea level (a.s.l.) in the east. 
 
Figure 2.2 Map of the study area latitude, longitude and elevation 
*Oranged part is related to the area of study. The reproduced courtesy of the U.S. Geological Survey data 
explorer. 
The study area covers 8.43% of Iran and is located in cold and hot desert climates (Peel et al., 2007). 
The provinces of Khuzestan, Lorestan, and Kermanshah are 64,000. 28,392. and 24,998 km2 in area, 
respectively (Statoids, 2016). In that order, they also play an important role in the country’s economy, 
as they are ranked 2nd, 26th and 21st in Gross Domestic Product (GDP) among Iran's provinces (MCLSW 
2015). The censuses indicate that the population of Khuzestan, Lorestan, and Kermanshah are 4.7, 
1.9, and 1.74 million, for a total of 8.34 million (Statistical Center of Iran, 2018). The area’s geographic 
bases information, meteorological data, and climate map adjacent to selecting point will be presented 
in the following chapter. 
2.2.1 Land Use Land Cover (LULC) 
The land cover condition in this study was attempted to provide information on the recent LULC pattern 
of research area were classified each gauge center with respect to Land Use / Cover Area frame 
Statistical Survey (LUCAS). Additionally, the subject conjointly encompasses research area underneath 
the foremost five classifications including artificial (6.5%) and industrial (0.05%), wet land (4.5%), 





Figure 2.3 Mapping climate and  LULC on the gauge site distribution 
*A given circle centered (with a radius of 10 km) at each gauge site (G01–G10) represents the spatial pattern of the LULC. 
This analysis represents the whole area with respect to each sampler at the gauge site.  
 
*The climate map upright:  shows climate classification of Iran (Peel et al., 2007). The image retrieved from the Landsat 
satellite summer 2012 retrieved from The United States Geological Survey (USGS) Earth Explorer, and unsupervised 
classification using ArcMap. The software finds the spectral classes in the multi-band image (B1-B7) without the analysis 
intervention. Once the operation done, what the cluster represents (e.g., wet area, bare-land, vegetation, etc.) are 
discriminated. The classification represents the real world was carried out to determine the quality of information by the 
means of random sampling method of observation in 10 km circle of given radius 
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2.2.2 Climate  
The climate of the study area varies from a cold and warm summer to an extremely hot zone located 
between the international boarder in the west, Zagros Mountains in the east and the northern coast of 
the Persian Gulf in the south. As is shown in the map (Fig. 2.3), following the suggestion of Russell, 
(1931) in Tab. 2.1, the Geiger and Köppen climate classification scheme was used, with three letters 
representing world climates divided into five main climate groups at a 1 km resolution (Peel et al., 2007).  
The study area was classified on the basis of standard zone properties which was also used by previous 
researchers (Peel et al., 2007; Kriticos et al., 2012; Buchard et al., 2017). This standard is defined in 
the Köppen climate classification scheme (Tab. 2.1), with three letters representing the world climates 
divided into five main climate groups at a 1 km resolution. These main groups are as follows: 
A (tropical), B (dry), C (temperate), D (continental or cold climate) and E (polar). The second letter 
indicates the seasonal precipitation type for steppe (S) and desert (W). Alternately, (f), (m), (w), and (s) 
represent rain force, monsoon, savanna-wet and savanna-dry, respectively, while the third letter 
indicates the level of heat, with cold as (k) and hot as (h). In general, a, b, c, and d represent hot summer 
(a), warm summer (b), cold summer (c), and very cold winter (d) climates. 
Table 2.1  Climate classification scheme of the study area  
Type Description Criterion  
B Arid climate Pann < 10  Pth 
BS Arid steppe climate Pann > 05  Pth 
BW Arid desert climate Pann =< 5  Pth 
C Warm temperate climate -3 C < Tmin<+18 C 
Cs Warm temperate climate, with dry summer  Psmin <Pwmin, Pwmax>2 Psmin and Psmin < 
40mm 
Cw Warm temperate climate, with dry winter Pwmin <Psmin and Psmax > 10 Pwmin  
Cf Warm temperate climate, fully humid Neither Cs nor Cw 
D Snow climate  Tmin  =< -3C 
Ds Snow climate, with dry summer  Psmin < Pwmin.Pwmax >3Psmin and Psmin 
<40mm 
Dw Snow climate, with dry winter Pwmin < Psmin and Psmax > 10 Pwmin 
Df Snow climate, with fully humid Neither Ds nor Dw 
Climate of the study areas were classified using the Köppen climate classification scheme (Kriticos et al., 2012) 
by those three letters represented worlds climates into five main climate groups at 1km resolution (Peel et al., 
2007) 
As shown in Fig. 2.3, the study area is categorized into three main climate zones. The arid desert hot 
[BWh] in the southern region of the northern coastal plains of the Persian Gulf covers the locations of 
G08, G09, and G10 between the latitudes of 30 N and 31N. An arid steppe hot zone [BSh] in the western 
areas is indicated over the locations of G01, G02, and G07, which are located in 34N and 32N. The 
temperate hot summer zone [Csa] is located between 33 N and 34N from the extreme western region 
G04 and G05 and reaches G06. Again, [BWh] climate zone is plain marshland and coastal plains, [Csa] 
is a typical complex terrain between high mountains in the east from the north to the south. [BSh] 
climate however is an open flat terrain area which is connected to complex terrain at the east. 
2.2.3 Meteorological setting  
Wind, precipitation and temperature characteristics are very important for determining the synoptic 
conditions responsible for the dust deposition rate. Maximum, minimum, and average temperature were 
calculated for all climate zones. Figure 2.5 illustrates the average interannual monthly temperature of 
three climate zones – [BWh], [BSh], and [Csa]. The data compares how the temperature in these three 





Figure 2.4 Time series interannual temperature obtained from study area 
*Represented Std (The standard deviation) which is a measure variation or dispersion of the temperature. The 
reproduced courtesy of the Iranian Meteorological Organization. 
Each of the three climate zones has a maximum average (mean) of [BWh-29.5°C, 2015], [BSh-25°C, 
2017], and [Csa-19.2°C, 2016] while the average minimum temperature has remained for desert-hot 
[BWh-28.3°C], steppe-hot [BSh-24°C], and temperate-hot-summer [Csa-17.8°C] in 2014. The line also 
demonstrates standard deviation data.  A fluctuating trend with the highest Std has recorded for the 
temperate-hot-summer zone [13< Csa <14] degree in Celsius. Besides, for the steppe-hot zone, it 
remains between 12°C and 13°C. In the given time frame, the desert-hot zone has smaller standard 
deviation than the other two with dispersion value of [11 <BWh <13] degree in Celsius far from the 
average.  As the illustration shows (Fig. 2.5), precipitation and average temperature in the three climate 
zones were calculated for the study period from 2014 to 2017. The seasonal distribution of the 
precipitation data shows that the highest amounts of rainfall are detected during winter and spring, while 
the summer months are received hardly any precipitation. 
 
Figure 2.5 Interannual average temperature and monthly precipitation 
Plot presented 4 years precipitation and temperature over three climate zones (BWh, BSh, and Csa). The 
reproduced courtesy of the Iranian Meteorological Organization. 
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Significantly, an average annual precipitation (mm/year) in hot desert climate [BWh] was  between 
107 mm in 2015 and 228 mm in 2014. The precipitation in the hot steppe area [BSh] was considerably 
higher and ranged typically around 540 mm per year, with 2015 being the exception with an average 
precipitation of only 228 (mm/year). Equally, the warm temperate climate zone (savanna area), [Csa] 
followed the same trend with a well-below average precipitation in 2015 (381 mm), while 2014 was the 
wettest year with 667 mm of rainfall. This temporal pattern was also detected by NOAA researchers 
(Lenssen et al., 2019), with 2015 being the warmest year on record for Asia and South America and a 
global temperature deviation of 0.90°C above average for the period 1901-2000. New monthly records 
were set in 2015 for each month except for January and April (Young et al., 2018).  
Equally important, the summer of 2015 was the driest season of the time period 1901-2015 in central 
Europe (Lee et al., 2018). In monsoon influenced regions, on the other hand, more extreme precipitation 
events related to the temperature anomaly were recorded (Orth et al., 2016).  
Recently,  the global total precipitation from January 2015 to December 2018 were compared to the 
data from 1951 to 2010 (Alexander et al., 2019; WMO, 2019). The region eastward of the Persian Gulf 
(including the study area) was, among other regions (North America, northern South America, Europe, 
north-east Australia, southern and south-west Africa), characterized by a significant negative 
precipitation anomaly during recent years. In given time, although this result is indicating non-linear 
scale of corresponding between precipitation and temperature, clearly is revealed a negative correlation 
between the summer precipitation and the air temperature.  
The wind characteristics are another highly important synoptic parameter, which heavily influences both 
the temporal distribution and intensity of dust events and dust deposition rates. It just as the precipitation 
and temperature data there is clear distinctions between the three climate zones.  
 
Figure 2.6 Histogram of the wind speed in m/s, monthly averages for 2014-2017 
The histograms (Fig. 2.6) show the frequency of the average monthly wind speeds relative to data 
across all four years of observations. The overall mean wind speed (m/s) for [BWh] was 6.09 m/s, 4.55 
m/s for [BSh], and 4.67 m/s for [Csa]. The data distribution is clearly skewed towards lower wind speeds, 
which means that the most frequent wind speeds are below the mean values. The standard deviation 
(Std) of the wind speed variation is representative of the unsteadiness of the wind speeds in [BWh], 
[BSh], and [Csa] which is marked by 1.09, 0.90, and 0.81 m/s, respectively.  
According to the directional seasonal wind speed displayed in Fig. 2.7, the eastward and southward 
winds were characterized by maximum velocities of 4 and 3 m/s in [BWh] summer respectively. If read 
in fluctuation with the wind speed, it can be seen where the speed of the wind dropped to about 0.2 m/s 
in [BSh] and fading back towards west in [Csa]. The drop and rise in wind speed are also indicated on 






Figure 2.7 Interannual time series of predominate wind speeds in eastward and northward directions 
According to the seasonal wind speed in Figure 2.7, westward winds showed a similar seasonal 
variation pattern in two of the three climate zones (excluding [Csa]), with maximum wind speeds ([BWh] 
3.5 m/s, [BSh] 1.8 m/s) during summer and minima during winter and spring. The [Csa] climate, 
however, was characterized by maximum eastward wind speeds of 1.2 m/s in summer and minima in 
spring and winter. The Northward wind speed over [Csa] further show a bimodal seasonal variation with 
two maxima, one during spring and the other during the winter period, while the minima were recorded 
in fall and summer. Southward wind speeds, in contrast, revealed a complex temporal dynamic with 
double peaks during spring and summer of 2015 and 2016 and during summer and fall of 2014. During 
the summer period in 2017, however, an unimodal seasonal variation with one maxima was detected. 
In order to further illustrate the seasonal differences within and between the three climate zones, 
seasonal wind roses were designed, using the frequency of different wind speed as a percentage of 
total winds (Fig. 2.8).  
The predominant seasonal wind directions in [BWh] are along the NW axis during all seasons, with 
average frequencies of 54% (winter), 52% (spring), 50% (summer), and 34% (fall). During summer and 
fall, southern and southeastern wind directions increased in importance with shares of up to 25%. The 
average seasonal wind speed (m/s) in [BWh] was lowest during fall (2.0) and winter (2.3) and highest 
during spring (2.9) and summer (3.0). 
In all season, the dominant wind direction in climate zone [Csa] was SE, with an average frequency of 
40%, 40%, 39%, and 35% in winter, spring, summer and fall, respectively. Calms and events with no 
discernable wind direction were relevant in all seasons, with frequencies 18.5% (winter), 18.5% (spring), 
9.7% (summer), and 31.8% (fall). The wind rose plots for [Csa] illustrate that the average seasonal wind 
speed (m/s) were lowest during fall (1.8) and highest (2.5) during spring and summer, followed by winter 
with 2.3 m/s.  
The predominant seasonal wind direction over [BSh] are along the SE axis as well, with frequencies of 
52% in fall, and 40% in winter. The most frequent single wind directions, however, were detected during 
spring (E, 22.5% & W, 20%), and summer (WNW, 50% & NW, 10%). The average wind speed (m/s) 
was 1.9 during fall, 2.0 in winter, 2.3 in spring, and 3.4 during summer. Calms and events with no 
discernable wind direction were recorded in all seasons with frequencies of 22.2% (winter), 26.4% 





   
   
   
   
 
 
Figure 2.8 The seasonal wind-rose for [Bwh]  [Csa], and [BSh]  
Wind-rose plot illustrates the percentage of time that winds blows from particular direction at certain speed.  
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Statistical comparisons of the mean deposition rate in each season were performed with meteorological 
functions. Additionally, the high correlation values with statistically significant differences may 
potentially provide valuable and timely evidence for the discussion on this topic.  
2.2.4 Dust event history 
The MERRA-II  model application data were downloaded and prepared according to the study area 
coordinate system. To see the time series of the monthly deposition rate against the seasonal variation, 
the values from MERRA-II  were obtained by using statistical calculations. Figure 2.9 illustrates the 
monthly and annual averaged deposition rates. The maximum deposition rates were observed in spring 
and summer while the minimums were observed in autumn and winter. In particular, the area average 
dust deposition rate (in t/km2) in [BWh] fluctuated between 4.86 and 5.61. Comparatively in the steppe-
hot climate [BSh], the year-to-year deposition rate varied from 2.96 to 3.78 on average. The temperate-
hot-summer zone [Csa] was characterized by an average deposition rate of less than 2.05 (t/km2 ), or 
less than 50% of the deposition rate in the hot-desert zone. An important feature of the seasonal 
variation patterns over all climate is that terrains follows the same seasonality but different deposition 
rates.  
Figure 2.9 Monthly averages deposition rate. MERRA II model M2TMNXAD4- V5.12.4  
In fact, the trends of the ground observation rates (GDR) and MERRA II-output agree well with seasonal 
dust distribution. Both results are provided the same summer maximum deposition rate factor that is 
consistent with variation in climates pattern. In addition, the study showed that the meteorological factor 
is associated with the impact of aeolian dust deposition. The large-scale precipitation over land in cold 
seasons (fall and winter) are provided less deposition rates.  
That is to say, the climate variability are closely connected to the deposition rate (Dawson et al., 2014; 
Feng et al., 2016) and strongly governed by meteorological factors (Duce et al., 1980; Jouzel et al., 
1996; AO, 2001; Huang et al., 2011; Goudie, 2014). The connection between the dynamic of the climate 





As a part of climate, particularly in dry periods, dust events have modified environment and impacted 
civilizations and currently suffer from dust emissions (Roberts et al., 2011; Albani et al., 2015; Sharifi et 
al., 2015). For instance the elemental composition of soil surfaces is influenced by aeolian dust transport 
as well as precipitation, wind speed and direction. Long-term remote sensing observations indicate that 
the principal directions of dust is from west to east (Modaihsh, 1997; Rifaat et al., 2007) In the last 
decade, in the southwestern and western provinces of Iran many settlements have been affected 
(Akbari, 2011; Esmaili et al., 2006; Rifaat et al., 2007; Gerivani et al., 2011). Therefore, the study area 
is one of the few convenient regions for the research of the aeolian deposition based on geographical 
setting and due to GDR of aeolian dust during 2000-2014.  The illustration (Fig. 2.10) shows represent 
zonal mean of the dust deposition rate over the area of the northwest to the southeast.  
 
Figure 2.10 Zonal mean of dust deposition rate resolution 0.5 degree left and 1.0-Degree right 
* Dust concentrations from west to east shows a dominant direction of dust movement.  Moreover, zonal means 
of the dust deposition rate simulated and observed (red line-left), including GDR and concentrations (dark and 
light squares-right). In the left side X-axes, denote rates of simulated dust concentrations and Y-axes, 
represents maximum zonal mean rate (latitude) of the deposition and the concentration occurred from 31N to 
33N 
2.4 Conclusion 
The research setting was suggested that the deposition in the study area was characterized mainly by 
dust blowing predominantly from the west, south and southwest (Fig. 2.10). Local and regional 
meteorological data, in addition to the results of relevant investigations, will support spatial deposition, 
flow and directions. Based on core data, it is possible to argue about the intensity of dust and state of 
event in the last century. In this research significantly focus is put on the systematically monitoring the 
GDR.  Although monitoring dust concentration and the study about the dust load undoubtedly are an 
essential part, GDR may indicate correlations among aeolian dust processes, climate factors, and the 
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 Methods  
3.1 Introduction 
This chapter addresses methodology based on triple aims defined in the first chapter. It is subdivided 
into five main sections. Each section provides data necessary to further analysis. To begin with the 
fieldwork setting defining district in which sampling routine must be performed.  
The next section contains how data was retrieved from measurements of the dust collection, including 
the construction of the samplers and equally important dust distribution data from Aerosol optical 
thickness of study area during the research period. The subsequent essential part is chemical and geo-
statistical analysis over the gathered data followed by pitfalls and problem in the fieldwork. 
3.2 Field work statements 
According to information from long-term dust events over the study area, ten sampling sites were 
marked (Fig. 3.1). The sites were coded from G01 to G10 and were placed based on the distribution 
and intensity of the dust events reported by (IRMO, 2016) between 2000 and 2015. The sampler 
locations were classified with respect to LULC classification. As shown in (Fig. 3.1), a given circle 
centered (radius 10 km) at each gauge site (G01–G10) represents the spatial pattern of the LULC. This 
analysis consists of the whole research area with respect to each sampler at the gauge site. The dust 
deposition rate was measured by positioning 20 the following dust deposit gauges at 10 gauge sites to 
improve that observation and surveillance quality (Tab. 3.1).  
Table 3.1 Location, altitude and total distance of dust samplers in the study area 
Classification  Geo-Coordinates     Altitude Distance 
No Dominance  Code  Latitude [N] Longitude [E]        Surrounding     (a.s.l.) [m] Total [km] 
1  Rur & Agr & Ind G01 34.000553 45.497595 Light Ind & Semi Desert  144 0 
2  Sub & Ind G02 34.007182 45.499075 Light Ind & Semi Desert  184 1 
3  Rur  G03 34.393584 45.648174 Semi Desert  394 52 
4  Agr & Ind G04 34.423028 45.993753 Road Traffic Load   910 113 
5  Urb & Ind  G05 34.353365 47.101335 Densely occupied  1,304 245 
6  Rur & Agr & Ind G06 33.024976 47.759393 Light Ind & village  581 632 
7  Rur & Agr & Ind G07 32.380038 48.282664 Light Ind & village  109 733 
8  Rur & Agr & Ind G08 31.445194 48.632398 Light Ind & village  25 860 
9  Sub G09 30.584651 49.163632 Occupied   6 991  
10  Urb & Ind  G10 30.352411 48.292293 Road Traffic Load   2 1,091  
*Dust samplers were marked from G01 to G10. The sampler locations were classified with respect to Rural 
(Rur), Agricultural (Agr), Industrial (Ind), Urban (Urb), and Suburban (Sub) land cover dominance (Levy et al., 






Figure 3.1 Given circle centered of each gauge  
*Site representing the LULC for 314 km2 Measurement dependence of dust collection   
   
Both gravimetric and directional dust samplers (total = 20) have been deployed to satisfy requirements 
of ASTM D1356-05 (IHS under license with ASTM, 2010) and have operated since 2014. 
3.2.1 Sampler design  
The sampling sites were selected based on the following criteria. They were easily accessible and 
secure against animal intrusion, humans and upwind obstructions, Samplers constructed far from 
shadow. They were covered with a mesh on top. Accordingly, samplers were installed about 2 m above 
the ground level. Each collection tray consisted of a circular plastic plate (200 mm in diameter, 20 mm 
depth) fixed into cylinder with 30 cm height (Fig. 3.2). The surface area is 314 cm² (inverted Frisbee 
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design) and a paper inlay for the passive dust collection. As illustrated in Tab. 3.1, dust samples were 
collected monthly for gauges installed at 10 gauge sites. The samplers was deliberately kept simple to 
ensure long-term durability and easy maintenance. 
 
  




Figure 3.2 Installation and sampling technique 
3.2.2 Deposition rate 
After each monthly sampling, and after every exposure period, dust samples were removed from the 
site and sent to the laboratory of the University of Marburg, Germany. Copies of these laboratory reports 
are presented in the chapter Appendix containing the GDR results. 
3.3 Optical thickness 
In recent years, several new reanalysis applications, including the National Centers for Environmental 
Prediction (NCEP) North American Regional Reanalysis (NARR), and MERRA-II have been released 
(Mesinger et al., 2006; Rienecker et al., 2011). Furthermore, the Aerosol Optical Thickness at 550 nm 
(AOT) has been obtained from the MODIS instrument onboard the NASA Terra satellite since March 
2014. High spatial resolution, level 3, ranging from 250 m to 1 km, allowing for almost daily world 
coverage collection quality controlled (Q1) MODIS aerosol repository, were aside from different spatial 
averaging for the southwestern part of the study area.  
MODIS AOT data are collected over a larger area of (45.49E, 50.42E) and (30.35N 34.39N) longitude 
and latitude respectively, as well as regional dust loading points. A very good quality data were flagged 
to generate AOT statistics over the study area having 0.5 to 1 degree resolution, at 550 nm over dark 
targets for land only have been selected (Tab. 3.2). Besides, the MERRA-II dataset using the Goddard 
Earth Observing System Model, Version 5 (GEOS-5, version 5.12.4), also can function extensively with 
an expanding array of applications areas, such as ecological forecasting, air quality, wind flow patterns, 





Table 3.2 Titles of Giovanni online data systems developed by NASA GES DISC 
Disciplines: Aerosol, Atmospheric dynamic 
Measurement: AOT, Dust & meteorological observations 
 
Resolution  
DataSet. Sensor, Satellite, 
Bandwidth 
Platform Availability Spatial Temporal  
MOD08-M3-v6.1 at 550 nm Dark 
Target, for land only 
 
Terra Level 3  
03/01/2000 
 
0.1 x 0.1 degree 
(10x10 km) 
Daily, 8 days, and 
Monthly 
MOD08-M3-v6.1 at 550 nm Deep 
blue Aerosol, for land only 
 




1 x 1 degree  
 
Monthly 
OD08-M3-v6.1 at 550 nm Deep 
blue Aerosol, for land and ocean 
 
Terra Level 3 Giovanni 1 x 1 degree 
Monthly 
MIL3MAE V4, MISR Aerosol 





0.5 x 0.5 degree 
Daily and Monthly 
Satellite systems with numerical 
models, 550 nm 
MERRA-II 
Model 
M2TMNXSLV 0.5 ° x 0.625 ° 
Hourly & Monthly 
Giovanni 
*Dark target has separate algorithms for land and ocean.  Deep blue in the MODIS aerosol products is a land 
retrieval only. Land algorithm method works best over dark vegetated targets and does not work over bright land 
surfaces. 
*MERRA-II is a NASA atmospheric reanalysis that begins in 1980 and replaced the original MERRA reanalysis 
(Rienecker et al., 2011) using an upgraded version of the Goddard Earth Observing System Model, Version 5 
(GEOS-5) data assimilation system. 
Therefore, the MERRA-II results were used to evaluate the correlation of the dry deposition rates with 
the climate factors that were obtained during the study period. 
3.4 Analysis 
Once the data is coded, the research can start identifying themes, and finding relative pattern. The first 
stage of analyzing data is data preparation, where the aim is to convert raw data into something 
meaningful and readable. Therefore, it includes preparation and chemical analysis.  
After dust samples have been taken from the field, all extraneous material and particulate contaminants 
(insoluble pieces, high mass loading of surfactants, tissue, etc) have been removed from the samples.  
Accurate measurement and identical process were done by weighing for one gram of each sample.   
3.4.1 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)  
The collected material was transferred into plastic bags on a monthly basis between March 2014 and 
March 2015 and was stored at room temperature before being analyzed using an ICP-MS (ASTM 
D7439, 2014)). The DIN EN ISO 17294-2 (Beuth, 2004; EN ISO 17294-2, 2016) guideline on quantifying 
dissolved elements using the ICP-MS was used for determining the elemental composition of the dust 
samples. Among the following four USEPA (United States Environmental Protection Agency) methods 
(Chen and Ma, 2001; da Silva et al., 2014) (Tab. 3-3), method 3050 was deliberately chosen.  
A representative 1 gram of each sample is digested with 15 and 5 ml respectively additions of Hydro-
choleric and Nitric acid in 200 ml Flasks, closed using a vapor recovery glass left at the laboratory hood 
condition overnight. The samples cooked to ~ 95°C ± 100°C without boiling over one hour until oxidation 
is finished. Then contained reagents (~30 ml) in the flask was filtered into the 50 ml volumetric-flask, 
and diluted to a final volume of 50 ml with double deionized water.
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Table 3.3 Four digestion methods based on USEPA references  
Methods  Reagents  Digestive  Recoveries Strength  
3050 HNO3- HCL Hotplate - 
3051 HNO3 Microwave - 
3051A HNO3- HCL Microwave Zn Hg 
3052 HNO3- HCL- HF Microwave All elements except Pb - Mg 
* United States Environmental Protection Agency - USEPA 
Data interpretation from ICP-MS analysis is about the bottom-up calculation.  The raw data from the 
instrument is depicted in ppb concentration (Tab. 3.4). Declaration is prepared in my own draft.   
Table 3.4 Data relative to digestive samples  
Run Time 23Na 24Mg 28Si-3V 39K-3V 43Ca 88Sr 138Ba 206Pb 
  ppb ppb ppb ppb ppb ppb ppb ppb 
1 10:51:54 4.21 0.065 1.472 0.443 0.576 0.003 0.017 0 
2 10:51:57 7.322 0.151 0.151 1.892 3.407 0 0.026 0 
3 10:52:01 8.733 0.181 0.181 1.051 2.843 0.005 0.029 0 
X  6.755 0.132 0.132 0.49 1.891 0 0.013 0 
S  2.314 0.06 0.06 1.751 2.155 0.004 0.026 0 
%RSD  34.26 45.5 45.5 356.9 113.9 831.2 202.3 0 
*A part of raw data relative to digestive samples from our ICP-MS software 
 
The ppb data from the ICP-MS printed out into an excel format, is contained the dilution information for 
the sample. Each sample analyzed three times, and the average of the three replicates was calculated, 
including means and standard. Accuracy and precision in terms of %RSD which stands for relative 
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Tab. 3.4  presents the acceptance criteria for Natrium [Na]. The %RSD value is calculated right 34.26 
using equation Eq. (1). Mass true value on the other hands is taken from Eq. (2). Accuracy within the 
minimum and maximum value, therefore, are obtained from Eq. (3). 
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ICP-MS Measured (ppb). Dilution (ml) /Weighting (g) = Interpreting Result (µg/kg) 
 
Since the samples have been performed 2 dilutions, Interpreting Result (µg/kg) would be recalculated 
from the above equation and divided by 1,000 unit to get final interpreted of µg/g. Finally, the dilution 
information from the ICP-MS converted to value of µg/g out into an excel format (Tab. 3.5). 
Table 3.5 interpretation and mass calculation of elements  
 Dilution I Dilution II Run 23Na 24Mg 28Si-3V 39K-3V 43Ca 138Ba 
 g-ml g- ml  ppb ppb ppb ppb ppb Ppb 
 Pm I=1 Pm II=1 X 6.755 0.132 0.132 0.49 1.891 0.013 
 Tm I=50 Tm II=10 mg/l       
  Interpreted Result 3.377 0.066 0.066 0.245 0.9455 0.0065  
1ug/l =1 ppb 
3.4.2 Statistical analysis  
Following the basic steps of statistical analysis has been applied to evaluate the accuracy for the 
generated results. 
[1] The correlation values of 20 elements to the Dust Event Frequency (DEF) and its weight, as based 
on the Airborne Metal Regulations index –AMR- (Geiger and Cooper, 2010; Prasad et al., 2018), have 
been classified into four matrices. Correlation strength may be due to the exposure of aerosol and dust 
particles to extra elements throughout the dust’s travel history. In either case, the correlation strength 
may be related to distance from the source, the wind direction, the meteorological situation, and 
industrial and commercial activities nearby.  
[2] In accordance with Trenberth et al., (2007),  Trenberth, (2011),   and Tao et al., (2012), the correlation 
between the deposition rate and meteorological pattern indicates that, wind velocity, high temperature, 
and lack of precipitation are the most significant factors behind a high dust deposition rate. Statistical 
comparisons of the mean deposition rate in each season were performed with meteorological functions. 
Interestingly, the high correlation values with statistically significant differences may potentially provide 
valuable and timely evidence for the discussion on this topic. 
[3] In line with Shao and Wang, (2003), dust concentrations in the atmosphere could represent the dust 
deposition rate factors. Therefore, a statistical comparison of the GDR and model result for both the 
load and concentration values over the study area was performed to reveal the true correlation. The 
analysis of the time series reveals a potentially promising correlation between the derived thickness 
layers from AOT and actual deposition rate data from ground surveying.  
[4] In order to assess the LULC and climate offset of each gauge site, for analysis, areas with different 
LULCs were classified under the same climate zone (chapter 6). A dendrogram is the most commonly 
used method for cluster analysis. Clustering analysis was performed according to Ward's method 
(Tokalıoğlu and Kartal, 2006; Yongming et al., 2006). The study area was classified into three exclusive 
scenarios based on a combination of internal variables (Lu et al., 2010), such as the climate patterns, 
and it was applied to identify different LULC groups by clustering sites with similar climate patterns. 
[5] After converting the AOT results to points, the kriging interpolation method (Dindaroglu, 2014; 
Franklin et al., 2018) was applied to the pixel values. Kriging is a geo-statistical interpolation method 
used to calculate weights for measured points and to derive predicted values for unmeasured locations. 
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Ultimately, the Iterative Self-Organizing Data Analysis Technique (ISODATA) classification was applied 
to 550 nm AOT of the monthly images for the period between 2014 and 2015. 
3.5 Impediments and problems in the field work 
In order to make an appropriate solution to difficulties faced undertaking the works, procedures to 
manage data retrieved from the study area and analysis should be identified as a part of the planning 
for the field investigation works.  
[1] Potential climate pattern include weather factors: Wind, heat and cold stress should be considered. 
[2] Introducing contaminants into samples: A procedure to minimize external particles. 
[3] Inappropriate sampling report: Influential of local dust into main samples. E.g. from contaminant 
exposure of surrounding land.  
[4] Losing the samples: The losing are minimized under certain activities on the site during dry and 
windy conditions. Establishing the gauges far from the work area, and vehicle access. 
[5] Packaging and transporting samples to the Laboratory: Items from field work should be hand-carried 
to laboratory. 
[6] Rescheduling this work in more than once due to busy agenda of most respondent, failure happened 
in technical process and reluctant to sharing data in many cases. 
[7] Although observation from Ground Deposition Rate (GDR) is the best way of conducting an 
experiment and valid result, this experiment is complex and greatly expensive due to has a number of 
stages. 
3.6 Conclusion 
All those methods which are used during the research are termed at a solution for a given problem, the 
available data and the unknown aspects of the problem been released to make a solution possible. 
Keeping this in mind, research methods are addressed into the following three groups: 
 
[1] In the first group those methods were included, which are concerned with the collection of data 
(GDR). The gauge sites were constructed, where the data already are not sufficient to arrive at the 
required solution. 
[2] The second group consists of those analytical and statistical techniques, which are used for 
establishing relationships between the data and the unknowns. 
[3] The third group consists of those methods, which are used to evaluate the accuracy of the results 
obtained using spatiotemporal data. 
 
Research methods falling in the above stated in three groups are generally taken as sampling methods, 
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 Spatial and temporal gradients of dust deposition and 
aerosol optical thickness 
 
Abstract 
The southwestern Iran is one of the regions that are most prone to dust events. The objective of this 
study is the analysis of the spatial and temporal distributions of dust deposition rate as a key factor for 
finding the relative impact of the dust. First, the monthly mean aerosol optical thickness (AOT) from 
Moderate Resolution Imaging Spectroradiometer (MODIS) was analyzed and compared with the dust 
amount variations from ground deposition rate (GDR), and the results were further used to investigate 
the spatial and temporal distributions of dust events in southwestern Iran for the period between 2014 
and 2015. Moving air mass trajectories, using the Hybrid Single-Particle Lagrangian Integrated 
Trajectory (HYSPLIT) model, were proven to be a discriminator of their local and regional origin. The 
results from GDR analysis produced a correlation coefficient between dust event history and deposition 
rates at dust magnitudes of >0.93 that is meaningful at the 95% confidence level. Furthermore, the 
deposition rates varied from 3 g/m2 per month in summer to 10 g/m2 per month in spring and gave 
insight into the transport direction of the dust. Within the same time series, AOT correspondences with 
MODIS on Terra in four aerosol thickness layers (clean, thin, thick, and strong thick) were shown in 
relation to each other. The deepest mixed layers were observed in spring and summer with a thickness 
of approximately 3500 m above ground level in the study area. Investigations of ground-based 
observations were correlated with the same variations for each aerosol thickness layer from MODIS 
images and they can be applied to discriminate layers of aeolian dust from layers of other aerosols. 
Together, dust distribution plots from AOT participated to enhance mass calculations and estimation 
deposition rates from the thick and strong thick aerosol thickness layers using the results from GDR. 
Despite all the advances of AOT, under certain circumstances, ground-based observations are better 
able to represent aerosol conditions over the study area, which were tested in southwestern Iran, even 
though the low number of observations is a commonly acknowledged drawback of GDR. 
 
Keywords: aerosol optical thickness; ground deposition rate; HYSPLIT; dust deposition; Iran
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4.1 Introduction  
During the last decades, both dust event frequency and intensity have increased significantly in the 
western parts of Iran (Gerivani et al., 2011). Rezaei et al., (2019) analyzed dust studies in Iran since 
2006 and concluded that the southwestern provinces of Iran were characterized by the highest dust 
deposition rates. Mineral dust aerosols influence the climate system directly by scattering and absorbing 
radiation (Kaufman and Koren, 2006; Alizadeh Choobari et al., 2013), which is associated with 
alterations in meteorological significance that may change the vertical profiles of temperatures and wind 
speeds. During transport, dust particles are continuously removed from the atmosphere by processes 
of dry and/or wet deposition (Lawrence and Neff, 2009). Several studies have addressed the dust 
deposition rate (Song et al., 2008; Schaap et al., 2009; Huang et al., 2010; Sorooshian et al., 2011; 
Balakrishnaiah et al., 2012; Crosbie et al., 2015; Yu et al., 2016). However, given the most attention 
were the uncertainties in spatial and temporal patterns, depending on changing patterns of human 
activities (Neff et al., 2008), different measurement techniques (Sokolik et al., 2001), the concentration 
of dust in the atmosphere, as well as surface features of the environment of the depositional sites 
(Tegen and Lacis, 1996). In the long run, the mass deposition rate of dust particles influences air quality 
(Arimoto et al., 1997; Abdou et al., 2005) and may cause considerable negative health effects (de 
Longueville et al., 2013; Kharazmi et al., 2018). Having data from the rate are usually used to validate 
model simulations (Yu et al., 2003) or may provide a useful benchmark. Accordingly, both passive and 
active sampling techniques can pay off to the lack of information from the rate by ground observations 
(Taheri Shahraiyni et al., 2015).  
The most commonly used passive sampling techniques for collecting dust use a nonreactive collection 
pan, which serves as the depositional surface (Offer and Goossens, 1994; Reheis and Kihl, 1995). 
However, active sampling is suggested for particle measurements and for air filtration at or near ground 
level (Prospero et al., 1987). Estimates of deposition from active sampling are subject to the ability to 
accurately convert atmospheric dust concentrations to rates of deposition (Wesely and Hicks, 2000). 
Ground-based observations contribute strongly to a better understanding of the processes of aeolian 
dust transport and the impact of aeolian dust, e.g. in the form of a long-term research project in the Aral 
Sea basin from 2003 to 2012 (Groll et al., 2013; Opp et al., 2017). Aerosol optical thickness is usually 
obtained both from ground-based and satellite observations. Many studies have been performed on the 
high temporal and spectral resolution measurements from the AErosol RObotics NETwork (AERONET) 
in comparison with data from space (Prospero et al., 1987; Rubin et al., 2017). AERONET is a NASA 
network for monitoring and characterizing atmospheric aerosols by ground-based sun photometer 
(Müller et al., 2012; Cazacu et al., 2018). It has to be pointed out that due to the regional distribution of 
the AERONET stations (Binietoglou et al., 2015) the quality and representativeness of the AERONET 
data, which play an important role in the global dust monitoring (Cesnulyte et al., 2014), are strongly 
dependent on LIDAR instruments, measurement techniques (Lolli et al., 2018), and subsequent data 
processing methodologies. Based on these dependencies AERONET only represents a small area 
around the monitoring sites and does not provide data with a great spatial coverage (Rubin et al., 2017). 
While unlikely, aerosol optical thickness (AOT) predictions from satellites are performed by imaging 
using a column-integrated measure of the extinction coefficient (Yu et al., 2016) by the quantitative 
calculation of the effect of the total (anthropogenic plus natural) aerosols. Many algorithms have been 
applied to NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS on Terra and Aqua over 
the land) to retrieve AOT (Pawan et al., 2005; Kaufman and Koren, 2006). Comparatively, the standard 
collection product from MODIS has been used in many aerosol studies (Golitsyn and Gillette, 1993; 
Sorooshian et al., 2011). Experiences from aerosol patterns represented the seasonal climatology of 
AOT over the Indian subcontinent (Maiti and Prasad, 2016). Included are the long-term AOT variation 
in eastern China from 2001 to 2010 (Kim et al., 2014) and an application in northern China using the 
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Multi-angle Imaging SpectroRadiometer (MISR) over a three year period (Qi et al., 2013). In addition, 
observed concentration, deposition, and aerosol optical thickness measured by satellite instruments 
can be used to estimate the overall source location, and temporal evolution of the transported material 
(Bieringer et al., 2017; Hutchinson et al., 2017). Several studies have attempted to make such 
estimations, using a number of different approaches from model comparisons to field measurements 
(Chai et al., 2015; Ngan et al., 2015; Stein et al., 2015). To demonstrate the aerosol movement, a 
HYbrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model was used (Ashrafi et al., 
2014; Chen et al., 2013; Wang et al., 2011) for the trajectory analysis, and its back trajectory at different 
heights, to investigate the origin of particles prior to their arrival at a given place (Cazacu et al., 2018). 
To allow the discrimination of separate layers of aeolian dust from layers of other aerosols (Yasui et al., 
2005), HYSPLIT facilitates the development of backward and forward trajectories (Draxler and Hess, 
1998) and computes complex dispersions at various altitudes with a resolution of 500 x 500 m and a 
horizontal grid of 1.5° x 1.5° (Ashraf et al. 2013).  
The Ground based Deposition Rate (GDR) can determine key points of dust activity in order to identify 
the general directions and areas of emission, an essential prerequisite for a better understanding of 
dust processes. Therefore, this study is focused primarily on direct measurements of dust deposition, 
made by passive sampling techniques. As has been noted, many studies have been done to evaluate 
dust deposition rates using different techniques in Iran and in other countries. However, the GDR in 
southwestern Iran has not been investigated very well. Providing an assessment of dust deposition 
rates against the relevant criteria such as wind, rain and temperature, evaluating the spatial distribution 
of the dust deposition, and observing the potential relationship between total dust distribution and 
aerosol optical thickness (AOT) will address the following research questions: (1) What is the level of 
dust deposition that is representative for the study area? (2) What spatial variations in dust deposition 
can be identified? (3) How do the measured dust deposition rates compare to AOT in the period from 
March of 2014 to March of 2015?  
The results from ground-based observations together, along with analyzed data from AOT, were 
compared for a more detailed monthly dust event over the study area.  AOT data were analyzed to 
understand the spatiotemporal patterns of the points with the same variation and intensity to GDR for 
the period of 2014–2015. The corresponding points were used in HYSPLIT for the model output.  
4.2 Materials and methods 
Comparing the results of monthly mean aerosol optical thickness (AOT) from Moderate Resolution 
Imaging Spectroradiometer (MODIS), and data from weighting ground deposition rate (GDR) using 
enhancement algorithms are used to investigate the spatiotemporal distribution of dust events in the 
southwest of Iran for the period between 2014 and 2015. Time-space consistency between AOT and 
GDR are defined. The results by agreement with model output of HYSPLIT are taken into further 
calculation to improve estimation of the dust deposition rate from the separate thickness layers.  
In this section , I have provided a brief introduction to data and key observation and sampling   practice 
( 4.2.2 and 4.2.3) are given in chapter 3. 
4.2.1 Testing method  
For the GDR method, a correlation function in high magnitude and P-Value <0.05 from mass deposition 
rate and dust event history in accordance to synoptic report, when visibility has been reduced below 
1,000 m, were suggested. Visibility data are obtained from the Iran Meteorological Organization (IRMO 
2016) to compare with AOT values. Cases with inconsistent values have been removed from further 
calculation. For the second sort of dataset from the MODIS, preliminary qualitative comparisons were 
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taken for all cases selected from the aforementioned process, AOT values were calculated and justified 
with NASA’s Multi-angle Imaging SpectroRadiometer (MISR). MISR images were captured from 
Giovanni MISR 555 nm and applied with a spatial resolution of 0.5 degrees. The analysis of the time 
series reveals a potentially promising correlation between the derived thickness layers from AOT and 
actual deposition rate data from ground surveying. The interpretation of fluctuated values of AOT, 
derived from the MODIS on Terra measurements, depicted variation of the thickness layers to 
discriminate separating layers of aeolian dust with the same variation and high correlation relationship 
from aerosols background. 
4.2.2 Measurement dependences of dust collection 
The dust deposition rate was measured by positioning 20 dust deposit gauges at 10 gauge sites (G01-
G10) to improve that observation and surveillance quality. Since this study covers a vast area in the 
southwestern part of Iran and encompasses a range of conditions associated with topography and 
meteorology, the study area is categorized into three section. At this time G01, G02, G03, and G04 are 
assigned to the first section, [a]. The second section, [b], contains G05 and G06. The last and third 
section, [c], was assigned to G07, G08, G09, and G10. 
4.2.3 Aerosol optical thickness  
Twelve months of records of aerosol optical thickness at 550 nm (AOT) have been obtained from the 
MODIS instrument onboard the NASA Terra satellite since March 2014. High spatial resolution, level 3, 
ranging from 250 m to 1 km, allowing for almost daily world coverage collection quality controlled (Q1) 
MODIS aerosol repository, were aside from different spatial averaging for the southwestern part of the 
study area.  
4.2.4 HYSPLIT model trajectory review  
Air Research Laboratory provided the tools (see https://ready.arl.noaa.gov/hypub-bin/trajtype.pl), of 
calculating forward or backward trajectories and specifying the start/end point location as well as the 
period over which to calculate the trajectories. Surface wind observations and air above ground- based 
level (AGL) trajectories are included using the local wind profile (Rolph et al., 2017; Stein et al., 2015). 
To obtain the direction and updraft located above ground-based level (AGL) relatively and to reveal the 
influence of direct or indirect effects of the dust transport on deposition rates, backward trajectories 
model output (NOAA HYSPLIT) has been applied over three sections, [a], [b], and [c]. During the steady 
state results from the dust evidence from both AOT and GDR, each section has its own longitude and 
latitude direction and three trajectories that are simulated from 100 m, 500 m and 1000 m for AGL 
backward to 90 hours before reaching the points (a, b, and c).  
4.3 Results analysis and validation 
Monthly GDR were obtained using statistical calculations for approximately 12 months since March, 
2014. MODIS monthly AOT onboard Terra satellites (MOD08_M3) data were downloaded according to 
the study area coordinate system. The pixel values of each image were rebuilt and refined. Correlation 
coefficients were used to find relationships between dust event frequencies and GDR for selecting 
justified collections. The MODIS provide data according to decimal degrees; accordingly, all the ground 
station coordinates were converted to decimal degrees. The zonal statistics trend results from AOT 
justified collection from GDR run into HYSPLIT model, which provided backward trajectory data from 
dust transport directions. Variations in both GDR and AOT, based on model output, will be discussed 
in the discussion section. 
    
 
49 
4.3.1 Ground monitoring results  
Table 4.1  represents dust event frequency (DEF), in concert with the deposition rates. In the given 
time, total DEF values at G05 and G06 were zero and  one while DEF values recorded 19, 17,  16, and 
12 times was observed at G01, G02, G10 and G09. It however,  the 8 times of dust occurrence at sites 
G08 and G03. The same magnitudes were also found at sites G01 and G02 during March, April, and 
May 2014. The average dust deposition rates ranged from 0.3 mg/cm² (G04-G06) to 1.2 mg/cm² (G01), 
which equals monthly field deposition rates of 3-12 g/m2 per month, while the maximum value is 
between 12 to 30 g/m2 per month, recorded in summer, 2014 and spring, 2015. Correlation magnitudes 
of 0.35, 0.49, and 0.69 were indicated for the rate of deposition at G05, G02, and G08, respectively. 
Given these points, the high deposition rates (GDR) were observed in March, April, May, 2014 (G01, 
G02, G03) with significant p<0.04 and correlation values from 73% to 96%. Similarly, with significant 
p<0.05, high correlation values between 69% to 93% were observed during January and February of 
2015 (G10, G09, G08 and G07). Interestingly, the high correlation values with statistically significant 
differences would be wishful to make remarkable time of evidence into discussion.  
Table 4.1 Dust deposition rates vs dust event frequency (DEF) 
Collection time  Gauges site, Deposition rate mg/cm2  Gauge site 
 Months G10 G09 G08 G07 G06  G05 G04 G03 G02 G01 Total  (M.W) 
2014 March 1.00 0.6 0.7 0.20 0.20 0.50 0.20 0.80 0.80 0.60 5.6 G10 
April 0.80 0.90 0.50 1.00 0.20 0.20 2.00 0.50 2.00 2.60 10.70 G01 
May 0.20 0.50 0.20 0.50 0.10 0.30 3.0 0.30 0.50 1.00 6.60 G04 
June 1.00 1.00 0.60 0.50 0.20 1.00 0.20 0.80 0.80 1.50 7.60 G01 
Juli 0.90 1.20 1.90 0.60 0.30 0.90 0.20 0.80 0.50 0.80 8.10 G08 
August 2.10 1.80 2.00 0.30 0.60 2.00 0.00 0.90 1.00 1.50 12.20 G10 
September 0.90 0.90 0.60 0.20 0.00 1.00 0.50 0.90 1.50 1.50 8.00 G01 
October 0.30 0.30 0.30 0.20 0.00 0.10 0.20 0.20 0.60 0.90 3.10 G01 
November 0.20 0.50 0.20 0.20 1.00 0.10 0.20 0.20 0.90 2.00 5.50 G01 
December 1.00 0.30 0.30 0.90 0.20 0.20 0.20 0.10 0.20 1.50 4.90 G01 
2015 January 3.10 2.50 2.00 2.50 0.30 0.20 0.60 0.80 1.00 1.80 14.80 G10 
February 1.10 1.50 0.80 1.70 0.10 0.20 0.20 0.60 0.40 0.50 7.10 G07 
March 2.10 0.70 0.90 1.00 0.20 0.60 0.50 0.40 0.30 0.80 7.50 G07 
Total 
DEF 






















Frequency 16 12 8 7 0 1 2 8 17 19  
Statistics Correlation 74% 93% 69% 85% - 35% 73% 81% 49% 96%  
P-Value 0.05 0.05 0.05 0.05 NA NA 0.05 0.05 0.05 0.05  
 
4.3.2 Results from aerosol optical thickness  
Mapping pixel values of the study area have been calculated and classified into four different layers of 
aerosol thickness and include Clean [1], Thin [2], Thick [3], and Strong Thick [4] (Fig. 4.1; 4.2; 4.3). 
Monthly variations and trends in averages, and standard deviation AOT values were analyzed to 
understand changes in the types of aerosols in the study area (Fig. 4.4). To determine the areas with 
deposition rates in each month, pixel values which are remarked under 4 layers of classification were 





Figure 4.1 Average Aerosol Optical Depth 550 nm (Dark Target) monthly 0.1 degree 
 











Figure 4.3 Average Aerosol Optical Depth 550 nm  
 
*Whites have no pixel value, Average Aerosol Optical Depth 550 nm (Dark Target) monthly 0.1 degree. 
[MODIS-Terra MOD08_M3 v6.1] for April, 2014 until March, 2015, Region 45E, 30.0753N, 49.9658E, 36.4474N 
 
Fig. 4.4 shows the count-value fluctuation in the monthly trends of the four thickness layers. It also 
illustrates the similar trends in AOT values for the Thin [2] and Thick [3] classifications; also illustrated 
are different variations in terms of extreme dust events such as the Strong Thick [4] or Clean from 
aerosols [1] in the entire study period. In other words, except for autumn and winter, the study area has 
experienced different monthly AOT variations with strong thickness aerosols and higher standard 
deviations that indicate dust events. In spring and summer, the study area exhibited the highest 
standard deviations, indicating that it is the area at most risk in terms of extreme dust events. In the 
detail for April, May and June, the standard deviations were relatively high in the area of section [c]. 
Standard deviations in each group of thickness just reflect the magnitude of variation in the group. 
The general trend in the standard deviation decreased in most of the gauge sites during the research 
period. A specific decline occurred in autumn and winter and was most likely due to the relative counted 
value of thickness layers. 
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Figure 4.4 Temporal monthly means of dark-target MODIS AOT 
*The left Y axis shows modified pixel values which represents min, max, median, and standard deviation 
values. The right label for vertical bar shows counting pixel values for the thickness classification. 
4.3.3 HYSPLIT model output 
The same temporal image data from NASA’s Multi-angle Imaging SpectroRadiometer, called MISR, are 
applied to justify AOT. These likely quantified the ability of aerosol optical thickness (AOT) collection to 
retrieve thickness values from the pixel values of each point and were compared to the monthly data 
for the ground deposition rate (GDR). In addition to the aforementioned relationship between GDR and 
the variation of value of the optical thickness layer [4], the model outputs ware characterized for summer 
and spring based on the ground gauge distributions. Therefore, the HYSPLIT model was running for 
location of endpoints for all sections, [a], [b], and [c] (Fig. 4.5).  
As shown in Fig. 4.5, the model output simulated four days backward trajectory in spring and summer 
based on updrafts loaded for 100 m, 500 m, and 1000 m above ground level (AGL), with respect to the 
above ground surface level. The transport history relative to dust event frequency is shown to the end 
at 1000 UTC in 29th March 2014. The transport rate originated from west-north Syria and Mediterranean 
Sea, moved southward toward the center of Iraq, and reached section [a], section [b], and section [c]. 
This could also be seen in MODIS AOT retrievals (Fig. 4.6). Thus, it is reasonable to suggest that the 
high AOT are somehow linked with the backward trajectory from west in May, 2014 but not as clearly 
in March, 2014. 
In contrast, the backward trajectories on 29 April, 2014 show trajectory flow derived from northwest of 
Saudi Arabia continuing northward to southeast of Iraq and is observed in both sections [a and b], while 
the backward trajectory flow passed directly over section [c] from section [b], which can be associated 
with the local influence flow. AOT mapping is not able to represent the deposition rate in section [a], [b], 
including the intensity of the dust transport rate.  
The retrieved aerosol mass rate for January, 2015 has been verified by backward trajectories from the 
model output. Figure 9 shows the four days backward trajectories. The transport direction was 
influenced northward from Saudi Arabia at 1,500 m above ground level, crossing the Persian Gulf, and 
reaching the area of section [c]. The observation can be verified by the high thickness of pixel values 
from AOT (AOT>0.4), which are linked into section [c]. It therefore seems that the value observations 
at section [b] and section [c] mainly have been derived from section [a] the same flow with respect to 
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Figure 4.5 The model output from HYSPLIT for all sections A, B, and C 
 
*Transport history relative on dust event frequency has been simulated four days backward trajectories for an 




The retrieved aerosol distributions on 22 February 2015 demonstrate that high AOT are linked to the 
back trajectory at 3,500 m AGL from the Mediterranean Sea, the extreme north of Saudi Arabia and 
through southern Iraq and reached the area of section [a]. 
The transport direction confirmed the impact of local dust contributions from southern Iraq adding to the 
surface layer before deposition in section [b]. This could also illustrate the cause of different dust event 
situations in section [a]. Maximum AOT values are combined with more intense flow from the north at 
1,000 m above ground level (AGL) and dust flow from long distance transports directed from southern 
Iraq and the Mediterranean Sea.  
4.4 Discussion  
In this study, MODIS and MISR data are then compared with similar data from sampling periods 
preceding and following the dust events in order to validate the optical thickness of MODIS and MISR. 
Accordingly, the results of evaluating these data focusing on the retrieved AOT values, their differences 
and correlation are represented.  MODIS and MISR onboard the Earth Observing System (Diner et al., 
1998) have been extensively used for global dust observations (Xiao et al., 2009). In particular, the AOT 
product retrieved from visible and near infrared data can be used to monitor dust event (Washington et 
al., 2003; Levy and Hsu, 2015). The general patterns of the global aerosol fields retrieved by MODIS 
and MISR are remarkably similar (Huanyong, 1990), indicating a high comparability of both data 
products (Geogdzhayev et al., 2004; Yan et al., 2006; Huang et al., 2007; Guo et al., 2013). The case 
studies for this can be found for many different dust areas with attention to the Sahara desert (Zhang 
and Christopher, 2003; Koren et al., 2006; Schepanski et al., 2017), the Persian Gulf (Banks et al., 
2017; Liu and Mishchenko, 2008), the Tarim River basin in north-western China (Yan et al., 2006; 
Huang et al., 2007), as well as the Indian subcontinent (Di Girolamo et al., 2004; Jethva et al., 2005; 
Tripathi et al., 2005; Prasad and Singh, 2007), including the Southern Hemisphere (Wu et al., 2009; 
Pinty et al., 2011). In fact, the magnitude of AOT differs between MODIS and MISR (Levy and Hsu, 
2015) and its values have apparent seasonal variations (Yan et al., 2006; Huang et al., 2007). The 
observations from the same locations in different seasons have shown that MODIS performed better 
particularly in summer due to the relatively higher vegetation cover (Prasad and Singh, 2007). The 
MODIS aerosol retrieval method is unable to find dark pixels within the surface albedo channel (Levy 
and Hsu, 2015), while MISR can retrieve optical properties over a variety of terrains (Diner et al., 2001; 
Martonchik et al., 2004). Equally important, (Diner et al., 2001) showed that MISR AOT has a positive 
bias of 0.02 and an overestimate of 10% when compared to ground-based observations. That is to say, 
the MISR mean AOT is systematically larger than the MODIS values, which can be attributed to a 
relative calibration offset (Liu and Mishchenko, 2008).  
With this in mind, Pearson correlation coefficients, using monthly average level 3 MODIS (MOD08 M3) 
and MISR (MIL3MAE) data have been computed. Monthly seasonal data from January, February, and 
March of 2015 as well as from March, April, and May of 2014 were used to calculate the correlation 
coefficients. Fig. 4.6 shows, that the correlation coefficient is relatively high for MODIS-MISR during 
May (0.71) and moderate in April (0.57), while the correlation is only little more than moderate in March 
(0.44). In agreement with Prasad and Singh, (2007) and reinforced by Liu and Mishchenko, (2008), the 
mean of the absolute differences of the averages of MODIS and MISR explains seasonal variation 
during the March and May compared to MODIS over section C in April.  







Figure 4.6 Captured from Giovanni MISR 555 nm and applied with a spatial resolution of 0.5 degree 
 
It can also be seen in Fig. 4.7 that the correlation coefficient is relatively high for MODIS-MISR during 
February (0.75) and March (0.71) of 2015. In addition, the observed correlation data for January (0.64) 
agree very well with similar findings about seasonal variations retrieved from (Yan et al., 2006; Huang 
et al., 2007). Similarly, the mean of the absolute differences from the monthly average between both 
MODIS and MISR is consistent with the MODIS-AOT disability to identify dark pixels (Levy and Hsu, 
2015).  Also in agreement with Prasad and Singh, (2007), and given the good correlation of the global 
AOT of MODIS and MISR, MODIS proved to provide better results for this study area in March, April, 







Figure.4.7 Captured from Giovanni MISR 555 nm and applied with a spatial resolution of 0.5 degree 
 
With attention to seasonal ecological changes (Xu and Hu, 1996; Gao, 2000; Yang et al., 2002), results 
describing seasonal variation of dust events can be related to ecological and climatological 
characteristics of the environments. Prominent seasonal dust events have been reported during spring 
and summer in the Sistan region in eastern Iran (Abbasi et al., 2018). Aspiring above and beyond, the 
highest rates of atmospheric dust fallout in northeastern Iran occurred in summer (Ziyaee et al., 2018). 
However, recent studies from Central Asia for the period from 2003 to 2012 showed an increase of the 
seasonal dust deposition rate from spring to fall (Groll et al., 2013; Opp et al., 2017) in the Aral Sea 
region. Five dust storms have been reported in southwestern Iran during springtime of 2011, 2012 
(Najafi et al., 2014), and 2014 (Foroushani et al., 2019). Moreover, dust loads from Africa and Asia 
were transported into the Arctic (Zwaaftink et al., 2016) and deposition reached a maximum rate in 
spring (Stohl, 2006; Breider et al., 2014). Fiedler et al., (2014) reported that about 25 % of the total dust 
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emissions from the Sahara occur in spring due to seasonal cyclones over North Africa. As can be seen, 
in Fig. 4.5, the very similar backward trajectories distribution implies comparable wind directions and 
dust events in March and May of 2014. Not more than 30% of all air masses in February of 2015 were 
derived from the Mediterranean Sea, while twice as much has been received from Saudi Arabia and 
Iraq in April of 2014 and January of 2015.  
 
Figure 4.8 Providing Thickness properties by courtesy of NASA for AOT  
*User manual (Levy and Hsu, 2015) Collection 6.0 MODIS data in a publication 
According to previous studies (Fig. 4.8), the AOT is classified from 0.1 to 1 in a dusty environment and 
higher in polluted regions in order to enumerate the principal thickness (Remer et al., 2006; Schaap et 
al., 2008; Levy and Hsu, 2015). This is a measure of how much light the airborne particles prevent from 
traveling through the atmosphere (Stockli and Jentoft, 2013). A lower optical thickness likely would have 
less impact on radiative forcing (Dubovik et al., 2002), while dense aerosols absorb and scatter 
incoming sunlight more effectively, thus reducing visibility and increasing optical thickness (Schaap et 
al., 2008). The variance in the layers is consistent with Levy and Hsu, (2015) for an optical thickness of 
less than 0.1 indicates a clear sky with maximum visibility, whereas a value of 1 indicates the presence 
of extreme density and very low visibility even at mid-day (Remer et al., 2006). Since the hypothesis 
behind this exercise is that AOT should show the same variation as GDR values collected in the study 
period, four layers of aerosol thickness were plotted to identify which one follows the variation in GDR 
values most closely. Fig. 14 shows the spatial gradient in AOT over the study area as calculated.  
Each layer has a group of pixel values (0.0 -1.0) with a classification thickness of [1] for Clean, [2] for 
Thin, [3] for Thick, and [4] for a Strong thickness. The pixel-value count for each layer has been plotted 
on the primary Y-axis while GDR values (deposition rate mg/cm2) are placed on the secondary Y-axis. 
All layers’ thicknesses, derived from AOT, were highest in spring and summer with a maximum of 501 
(layer [1]) and 704 (layer [2]), respectively. In autumn, the maximum values (364) were observed in 
layer [3]. Additionally a strong thickness was detected in layer [4] during spring with a maximum 
magnitude of 85. In general, the results in Fig. 4.9 reveal that the observed GDR-MODIS correlation 
from March 2014 to 2015 is indicative of a significant correlation with the thickness increase across 




Figure.4.9 Spatial gradient in AOT compared with the fluctuation rate from ground deposition 
In accordance with Levy and Hsu, (2015), Remer et al., (2006), and the overall trends illustrated in Fig. 
4.10, layers [3] and [4] have notable magnitudes of correlation of 36% and 38% respectively. Whereas, 
layers [1] and [2] are represented as having almost negative or zero correlation, which is similar to the 
classification manual by Dubovik et al., (2002) and the MODIS data guidance from (Levy and Hsu, 
2015). Results from comparisons of quantitative AOT retrieval could evaluate that the 1st and 2nd layer 
have some uncertainties in screening the dust deposition rates (GDR). With the results from negative 
and zero correlation value in layers [1] and [2], respectively, alpha levels were higher than the level of 
significance (ρ> 0.05 and probability with 98% confidence). Based on that, and in agreement with 
previous contributions about thickness classifications (Dubovik et al., 2002; Stockli and Jentoft, 2013; 
Levy and Hsu, 2015), the 1st and 2nd layers of AOT are hence removed from further calculations. 
Unlike the 1st and 2nd layers, the 3rd layer, together with the 4th, has almost the same variation as has 
been observed from GDR. As seen in Fig. 4.11, high layer variations were identified in spring and 










Figure 4.10 Correlation between atmospheric dust loading and dust accumulation 
*Given time from  March 2014 to 2015, 
 
Differences from the gradient of the 3rd and 4th layers across all four season were identified as the 
same fluctuation values as for the GDR and showed a high correlation coefficient. This is also supported 
by the elevated AOT identified during spring and summer in southwestern Iran (Sabetghadam et al., 
2018). These result are in great agreement with previously published evidence (Remer et al., 2006; 
Schaap et al., 2008; Levy and Hsu, 2015) which obtained the annual average AOT values from MODIS. 
In order to make the best use of satellite data and reduce the uncertainty of aerosol effects on regional 
and global climate, these satellite measurements need to be validated using ground-based 
observations. Intercomparison and validation of satellite products from different instruments with ground 
based observation reveal interesting details and allow building a long term database of aeolian dust 





 Figure 4.11 Consistency and variation change between the 3rd and 4th layers, including GDR 
 
4.5 Conclusions and remarks 
The ground deposition rate and geophysical variation in the dust event frequency, including mass and 
weight depositions, have been well measured. The composite product data from the MODIS and MISR 
on Terra satellite has been addressed. The findings suggest that, despite a slightly better estimation 
from the MISR when the sections [a], [b], and [c] are affected by a number of dust events, MODIS 
showed the better performance overall. The comparison of MODIS AOT with GDR over the study area 
shows a good agreement and approximately 65% of GDR falls within AOT limitations with uncertainty.  
Under the four layer conditions of aerosol thickness: Clean [1], Thin [2], Thick [3] and Strong Thick [4], 
the standard MODIS aerosol products were applied at regional scales to monitor both dust distributions 
and transports directions. However, the 1 degree and even the 0.5 degree spatial resolution data are 
insufficient to depict the deposition rate at local scales due to inherent dust variabilities, as well as the 
complexity of the land surfaces. In general, AOT retrieval can represent the strong seasonal and 
geographical variations in the dust deposition rates and their regional distribution. But due to the 
methodological limitations of these remote sensing approaches significant uncertainties remain and the 
possibilities to further our knowledge of dust deposition rates and frequencies in a high spatiotemporal 
resolution are limited. Thus, combining remote sensing and ground-based dust research is, in many 
cases, vital to estimate real-world effects of dust on the sink regions.   
Although high spatial resolution products with a chronological record are suitable basics for the 
improvement of dust deposition analyses and ecosystem effect assessments, ground surveys are still 
a key point for analyzing airborne deposition. However, the deposition rate based on space model 
algorithms (AOT) remain the method of choice, even though they are relatively complicated and less 
accurate than surface observations (GDR), due to the lack of continuous atmospheric data at required 
scale over the area of interest. Besides, the development of ground surveying algorithms is necessary 
to make the estimations of the deposition rate more accurate. Therefore, current detection algorithms 
could be modified based on the technology of machine learning from physical characteristics, spatial 
and temporal distribution. 
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 Chemical Characterization of Aeolian Dust Deposition  
Abstract 
In the last decade, the southwestern and western provinces of Iran have been heavily affected by 
aeolian dust deposition. As a result, the elemental composition of soil surfaces is influenced by dust 
transport as well as precipitation, wind speed and direction. The relationship between daily recorded 
dust events and the elemental composition of the dust is studied in this paper. Strong correlations were 
detected between dust deposition rate from most deposition sites (G01-G10, except for G05, G06) and 
the dust event frequency. Correlations of different strengths have been revealed between the dust event 
frequencies (DEF), and the elemental classification matrix based on Airborne Metal Regulations.  
As expected, high correlation values indicate high concentration contributions of elemental values to 
the aerosol, such as Na, Mn, As, Pb, from large-scale depositions in the south including Cr and V in the 
west. These findings also suggest that the major contributors of V, Cr, Co, Ni, Cu, Zn, As, Se, Cd, Ba, 
and Pb in the elemental concentrations may depend on the meteorological situation and correlation 
magnitude are associated with elements emanating from local anthropogenic activities. 
 
Keywords: Dust composition; ICP-MS; metal concentrations; aeolian dust; Iran. 
5.1 Introduction 
Small solid and dry particles below 75 µm in diameter can be projected easily into the air by natural 
forces(Calvert, 1990) and remain suspended in the Earth’s atmosphere long enough to substantially 
affect weather and climate (Prospero et al., 2002). In fact, while particles are airborne, they impact the 
regional and global climate (Tegen & Lacis, 1996; Wu et al., 2006; Carslaw et al., 2010) and interact 
with solar and terrestrial radiation, depending on their mineralogical composition, which is determined 
by the source of deposition (Okin et al., 2004; Mahowald et al., 2005, 2010). Although natural forces 
drive dust transport and deposition, dust transport processes can also be substantially constituted 
through human activities, including off-road driving (Gillies et al., 2005; Goossens et al., 2012), land 
use change (Reynolds et al., 2001; Gillies et al., 2005; Neff et al., 2008), and anthropogenic activities 
in general (Tegen et al., 2004; Mahowald et al., 2010). In the long run, airborne dust is slowly removed 
from the atmosphere under the influence of gravity, land shape, land cover (Slinn, 1982) such as 
vegetation that can obstruct dust movement effectively (Visser & Sterk, 2007), and dry deposition, which 
consists of all deposition that accounts for gravitational settling not associated with precipitation 
(Williams, 1982). In a similar manner, airborne particles function as condensation cores in the water 
cycle (Carslaw et al., 2010; Tao et al., 2012)  and influence soil properties when they are deposited 
(Tegen & Lacis, 1996; Roth & Okada, 1998; Wu et al., 2006; Morman & Plumlee, 2013). Aeolian dust 
can also contribute to the spreading of viruses (Gerivani et al., 2011) that also have large-scale effects 
on the soil, vegetation, animals, and humans (Larssen & Carmichael, 2000; Basta & McGowen, 2004; 
Muhs & Benedict, 2006). Aside from immediate threats to the water cycle and soil properties, aeolian 
dust also causes considerable impairments in social (Opp et al., 2017)and commercial activities. As a 
result, the reduced visibility disrupts transport while the subsequent dust can damage engines and 
technical infrastructure, thus causing severe economic damages (Ai & Polenske, 2008; Miri et al., 
2009). The sources and impacts of a wide range of chemical compounds have been examined and 
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classified in a range of studies (Mertz, 1981; Wang et al., 2006; Kabata-Pendias, 2010), while a 
comprehensive list of sources compiled for key elements (Geiger & Cooper, 2010) called the Airborne 
Metals Regulations (AMR) in aeolian particles worldwide (Table 5.1).  
Table 5.1 Key indicating elements with associated sources 
 
Marine Aerosol; 





Oil combustion  
Smelter; Automotive; 
Coal combustion  
Indicating 
element 
Na; Na, Mg, Al, Si, K, 




Fe, Cr, Ni, and Mg 
(fine PM) 
V and Ni 
Cu, As, Cd, Pb, Ni; Br, 
Pb (fine PM), As, Se, 
Ba, and B 
Source  NS DS DS DS 
Associate  DS ( Na )  NS ( K, Zn) NS (Fe, Mg)  NS (Crustal elements)  
*Example of key indicating elements with associated sources reproduced from Geiger and Cooper (2010) 
 
Chemical gradients are constituted through natural sources (NS) such as Na, Mg, Al, Si, Ca, Mn, Fe, 
and Sr. Having signature  from NS are referred as geologic origin and can thus be classified as coming 
from NS (Geiger & Cooper, 2010). It however,  including local soils, weathered materials, and crustal 
minerals (El-Fadel & Hashisho, 2001; Geiger & Cooper, 2010) while elements such as Ni, Br or Pb 
have been classified as dominant sources (DS) mostly associated with industrial and commercial.  With 
the same result further off-road driving are investigated (Charlesworth et al., 2003; Kreider et al., 2010; 
Evan et al., 2014).  Residential fossil fuel burning such as Fe, Cr, Ni, Mg (fine PM), V, and Ni (Bilos et 
al., 2001; Schleicher et al., 2011) classified as coming from DS. Human activities, including, land use 
change (Marticorena et al., 1997; Richard Reynolds et al., 2001; Gillies et al., 2005; Neff et al., 2008) 
are indicated as NS and DS.  According to the Airborne Metals Regulations(AMR), Na, Mg, Al, Si, Ca, 
Mn, Fe, and Sr is mainly of geologic origin and can thus be classified as coming from natural sources 
(NS), while elements such as Ni, Br or Pb are mostly associated with industrial and commercial 
activities, which have been classified as so-called dominant sources (DS) (Geiger & Cooper, 2010). 
In either case, detailed knowledge of the dust source and of its activation process, dust event 
characteristics, dust transport routes, and deposition is crucial to fully understand this complex matter 
(Schepanski et al., 2017). Ultimately, synthesized dust observations need to examine the correlation 
among atmospheric dust functions, which is invoked the rate of dust deposition and dust event 
frequency (DEF) relation. Uncertainty has been evaluated for sampling and treatment result after 
chemical analysis carried out using ICP-MS. Later, attempt to identify the connections between the 
proximity to potential sources, including NS and DS by means of the element composition. This 
information is important to understand how anthropogenic activities can directly affect the elemental 
composition of aeolian particles. The results presented here are the products of a complex study from 
the west to the southwest of Iran located between latitudes 47.101335° and 49.163632°E, longitudes 
34.353365° and 30.584651°N.  
5.2 Material and method 
Large correlation data sets of dust event history and deposition rate based on true-table are obtained 
per month. In with deposition rate and event history relation, inter-element correlation of chemical 
characteristics of samples addressed effect to aerosol from dominant and natural sources regarding 
Airborne Metal Regulation (AMR). 
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5.2.1 Measurement dependence of dust collection  
Both gravimetric and directional dust samplers were constructed and installed from G01 to G10 at a 2 
m height above ground (Chapter 3, 3.2.1) to observe deposited particulate matter that settles from the 
air. The sampler design was deliberately kept simple to ensure long-term durability and easy 
maintenance. Each sampler consisted of a plastic container with a surface area of 314 cm² (inverted 
Frisbee design) and a paper inlay for the passive dust collection.  
5.2.2 Chemical composition  
After dust sample taken from the field, all extraneous material and particulate contaminants (insoluble 
pieces, high mass loading of surfactants, tissue, etc) removed from samples.  The DIN EN ISO 17294-
2 (Beuth, 2004); (EN ISO 17294-2, 2016)guideline on quantifying dissolved elements using the ICP-
MS was used for determining the elemental composition of the dust samples. Accurate measurement 
and identical process are done by weighing for one gram of each sample (Chapter 3, 3.4.2). 
5.2.3 Statistical analysis  
The inter-element correlation values of 20 elements to the DEF and its weight as based on the Airborne 
Metal Regulations index has been classified into four matrices. Correlation strength may be due to the 
exposure of aerosol and dust particles to extra elements throughout the dust’s travel history. In either 
case, the correlation strength may be related to distance from the source, the wind direction, the 
meteorological situation, and industrial and commercial activities nearby.  
5.3 Results and discussion 
5.3.1 Contribution of wind aspects 
The wind roses show the time ratio where winds blow from a particular direction at a certain speed (Fig. 
5.1). To emphasize this dynamic, the direction has been marked using an external arc with a different 
colour. Exterior red arcs from G01 to G10 illustrate that the maximized key-direction between 180 and 
360 degrees comprised 50% to 100% of all monthly wind direction from northwest to southwest, with 
an exception at G08 where the wind almost altered 360 degrees at a maximum speed value of 2 (m/s). 
However, winds from eastern directions were rarely detected at a maximum speed value of 1 (m/s) at 
G03, G04 and almost 2 (m/s) at G07 and G08. As shown in Fig.6, a strong key direction is indicated a 
speed value of 4 (m/s) at G01 and G02 for southwest winds, while northwest winds were coupled with 
the same speed value at G09 and G10. In addition, winds from the north and west blew up to 3 (m/s) 
at G06, whereas the same strong value for wind speed was also indicated at G07 from the west. The 




Figure 5.1 The wind rose speed and direction on data reproduced from IRMO 
5.3.2 Deposition Rate and Dust Event History 
Dust event frequency in concert with the deposition rate is represented in Table 5.2. While DEF values 
increased to 2, 3, or 5 times evidence of dust per month in the south and west, the DEF values at G05 
and G06 were zero. The high magnitude of DEF was observed in the south for G09 and G10 during 
January and February 2015. The same values were also found in the west for G01 and G02 during 














Figure 5.2 Correlation data between the DEF (horizontal) and Wt (vertical) 
 
*Predicted lines were presented in April and May 2014 for G01 and G02, January and February 2015 for G09 
and G10. 
The average dust deposition rates ranged from 0.3 (mg/cm²) (G04-G06, Table 6) to 1.2 (mg/cm²)(G01), 
which equals the monthly field deposition rates of 30-120 (kg  ha-1), while most stations, recorded a 
maximum between 2 and 3 (mg/cm²) (Table 5.2). Therefore, the correlation values of DEF and the 
observation report from the dust deposition value can be considered. The monthly report from sites 
G01, G03, G04, G07, G08, G09, G10 indicated a strong correlation between DEF values and Dust 
Weight (Wt). Correlation magnitudes of 0.35, 0.49, and 0.69 were indicated for the Wt numbers of G05, 
G02, and G08, respectively. 
For all gauges site in the red block, significant and correlation value are shown in Fig. 5.2. We note that 
more correlative data between the DEF and Wt were presented in April and May 2014 for G01 and G02 
significantly with P=.001, and P=.004 similarly, in with significant at P=.004, and P=.003 a high 
correlation value was observed during January and February 2015 at G09 and G10. 
5.3.3 Chemical Characterization of Samples 
Results from these ICP-MS analyses must be split into four groups to support the value and 
interpretation of the elements, as well as find any deviation from anthropogenic activities. As shown in 
Table 5.3, results from the characterized chemical value based on AMR were deployed through the 
measurement point to articulate the spatial and temporal classifications that were made by 
characterizing the chemical composition of particle matter. 
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Table 5.2  Dust deposition rates vs dust event frequency (DEF) 
Chronic Sample sites  G01-G10 (mg cm-2) 
Month Year G01 DEF G02 DEF G03 DEF G04 DEF G05 DEF G06 DE
F 
G07 DEF G08 DEF G09 DEF G10 DEF 
Mar 2014 0.6 1 0.8 1 0.2 0 0.2 0 0.5 0 0.2 0 0.2 0 0.7 1 0.6 1 1.0 2 
Apr 2014 2.6 4 2.0 3 0.5 1 *2 0 0.2 0 0.2 0 1.0 0 0.5 0 0.9 1 0.8 1 
May 2014 1.0 2 *0.5 2 0.3 1 *3 0 0.3 0 0.1 0 0.5 0 0.2 0 0.5 0 0.2 0 
Jun 2014 1.5 2 *0.8 2 0.8 1 0.2 0 1.0 0 0.2 0 0.5 1 0.6 1 1.0 1 1.0 1 
Jul 2014 0.8 1 0.5 1 0.8 1 0.2 0 0.9 0 0.3 0 0.6 1 1.9 1 1.2 1 0.9 1 
Aug 2014 1.5 2 1.0 2 0.9 1 0.0 0 2 0 0.6 0 0.3 1 *2 1 1.8 2 2.1 3 
Sep 2014 1.5 2 1.5 2 0.9 1 0.5 0 1 0 *15.9 0 0.2 0 0.6 0 0.9 1 0.9 1 
Oct 2014 0.9 1 0.6 1 0.2 0 0.2 0 0.1 0 *9.5 0 0.2 0 0.3 0 0.3 0 0.3 1 
Nov 2014 *2 0 0.9 0 0.2 0 0.2 0 0.1 0 1.0 0 0.2 0 0.2 0 0.5 0 0.2 0 
Dec 2014 *1.5 0 0.2 0 0.1 0 0.2 0 0.2 0 0.2 0 *0.9 0 0.3 0 0.3 0 1.0 0 
Jan 2015 1.8 2 1.0 2 0.8 1 0.6 1 0.2 0 0.3 0 2.5 3 2.0 3 2.5 4 3.1 5 
Feb 2015 0.5 1 0.4 1 0.6 1 0.2 0 0.2 0 0.1 0 *1.7 0 0.8 1 1.5 1 1.1 1 
Mar 2015 0.8 1 0.3 0 0.4 0 0.5 1 0.6 1 0.2 0 1.0 1 0.9 0 0.7 0 2.1 0 
Average  1.20  0.80  0.50  0.30  0.30  0.30  0.70  0.80  1.00  1.10  
Min  0.50  0.20  0.10  0.00  0.10  0.10  0.20  0.20  0.30  0.20  
Max  2.60  2.00  0.90  3.00  2.00  15.9  2.50  2.00  2.50  3.10  
Total  17.0 19 10.5 17 6.7 8 8.0 2 7.3 1 28.8 0 9.8 7 11.0 8 12.7 12 14.7 16 
Correlation  0.96  0.49  0.81  0.73  0.35  0.00  0.85  0.69  0.93  0.74  
P-Value<  0.05  0.05  0.05  0.05  NA  NA  0.05  0.05  0.05  0.05  
R Square  0,55  0.86  0.55  0.73      0.58  0.68  0.53  0.92  
 
*Dust deposition rates (Wt. in mg cm-²) and dust event frequency (DEF) in the grey columns (events/month) from the sites G01 to G10 during March 2014 
and March 2015, as well as the Pearson correlation for each station. Unusual values are highlighted in a “~” prefix, are removed from the calculation and 





Table 5.3 The total element concentrations in the southern and western parts of the study area (in µg/g) 
Elements/ samples  *West-2014/01/04-05 *South-2015/01/01-02 Element concentrations (µg/g) 
W14104 W14105 S15101 S15102 Ave S.D Max Min Mean(SD) 
Matrice EF 3.42 2.00 4.87 1.15 1.34 1.16 4.87 0.00 1.34±1.16 
AMR Wt mg/cm2 2.48 0.94 3.15 1.47 1.19 0.69 3.15 0.23 1.19±0.69 
1 Na 4.23 2.97 5.13 1.28 4.20 1.79 9.12 1.28 4.20±1.79 
Mg 86.01 62.64 52.08 37.52 62.28 20.04 104.75 30.38 62.28±20.04 
Al 39.32 34.33 30.98 21.02 29.86 8.29 41.15 16.08 29.86±8.29 
Si 11.58 3.62 2.20 2.27 4.46 4.26 14.05 -0.06 4.46±4.26 
K 19.37 16.58 13.08 7.42 14.85 5.52 31.25 6.14 14.85±5.52 
Ca 694.62 554.38 235.30 147.70 400.91 238.83 725.00 110.50 400.91±238.83 
Mn 1.72 1.48 1.54 1.24 1.47 0.41 2.90 0.90 1.47±0.41 
Fe 92.57 77.23 75.92 56.99 70.98 18.30 98.45 43.00 70.98±18.30 
Sr 14.08 12.42 0.88 0.48 0.00 0.01 0.01 0.00 0.00±0.01 
2 K 19.37 16.58 13.08 7.42 14.85 5.52 31.25 6.14 14.85±5.52 
Zn 2.04 0.00 5.29 1.15 1.74 1.61 5.29 0.00 1.74±1.61 
3 Cr 0.43 0.17 0.24 0.15 0.29 0.13 0.65 0.11 0.29±0.13 
Fe 92.57 77.23 75.92 56.99 70.98 18.30 98.45 43.00 70.98±18.30 
Mg 86.01 62.64 52.08 37.52 62.28 20.04 104.75 30.38 62.28±20.04 
Co 0.05 0.05 0.04 0.03 0.04 0.02 0.10 0.01 0.04±0.02 
Ni 0.44 0.36 0.38 0.21 0.32 0.09 0.45 0.16 0.32±0.09 
V 0.15 0.15 0.12 0.11 0.15 0.05 0.30 0.08 0.15±0.05 
4 Cu 0.22 0.08 0.16 0.10 0.15 0.06 0.30 0.08 0.15±0.06 
As 0.00 0.00 0.01 0.02 0.02 0.02 0.06 0.00 0.02±0.02 
Cd 0.01 0.01 0.05 0.05 6.92 6.39 14.17 0.43 6.92±6.39 
Ba 0.51 0.34 0.36 0.49 0.42 0.12 0.70 0.21 0.42±0.12 
Pb 0.05 0.05 0.21 0.05 0.08 0.05 0.21 0.03 0.08±0.05 
*The next two digits number come after West (represented W) and South (represented S) likewise W14 and S15 are indicated an event in the west 2014 and 
south 2015 respectively. The next number “1” is shown the first day of each month followed by the last two digits in the west (04, 05) and south (01, 02) which are 
represented (April, May) and (Jan, Feb). AMR can be seen in the first column abbreviated of Airborne Metal Regulation, average as Ave, standard deviation as 
S.D., maximum as Max, and minimum as Min including plus/minus value for Means (SD). 
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5.4 Statistical analysis  
As shown in Fig. 5.3, from left to right, important to trace elements from crustal geologic sources were 
placed in the first group. Vegetative burning sources were placed in the second group, iron and steel 
industry-coal combustion sources were placed in the third group, followed by smeltery, automotive and 
coal combustion sources in the final group. The highest values (in µg/g) of elements in the study area 
were obtained in April 2014 for Mg (86.10), Al (39.32), Si (11.58), K (19.37), Mn (1.72), Fe (92.57), and 
Sr (14.08) in the west, however, in January 2015 the value for Na (5.13) was an exception to this finding 
in the southern study area. The minimum elemental levels in the southern part of the study area were 
found for February 2015. Namely, minimum values (in µg/g) are indicated for Na (1.28), Mg (37.52), Al 
(21.02), Si (2.20), K (7.42), Mn (1.24), Fe (56.99), and Sr (0.48). 
Although the element concentrations of the first group are indicated as being below the maximum 
values, clearly above average values were nonetheless observed in the western part of the study area 
for this group. The values for Na, Al, Mn, K and Fe however, were exceptions to this finding, as they 
were equal to the average of all values in the southern study area. The ratio of standard deviation to 
average values for this group is less than 50%, that is, 5:10, which is equivalent to the ratio 1:2. The 
bigger the value of the coefficient of variation represents the greater the level of dispersion around the 
means value, or make the less precise the estimate. 
Over second group of AMR however, the minimum values (in µg/g) of Zn (0, 1.1) and K (16, 7.42) in 
May and February were observed in both the western and the southern parts of the study area. 
Moreover, the maximum values (in µg/g) of K (19.37, 13) and Zn (2, 5.29) are observed in April and 
January in the same locations. Concordantly, the K values are revealed to be 3 times and 2 times above 
the minimum values (6.14) in April and May were observed in the western part of the study area, 
whereas in the southern part the Zn value is equal to the maximum of all values in January. The 
coefficient of variance for vegetative burning is K (0.37) and Zn (0.92), that is, 37:100 for K and almost 
1 for Zn. A remarkable increase in the values of K and Zn may influence the deliberate burning of 
agricultural residues that occur in the southern part of the study area. 
The impact caused by the iron and steel industries, including emissions from oil combustion, influences 
the third group of Airborne Metals Regulations with attention to; Cr, Fe, Mg, Co, Ni, and V. The 
concentration of Cr both in the western and southern parts of the study area has been revealed to be 
below average in May, January, and February. Instead, the observational value in the western part of 
the study area in April is an exception, with a substantially above average result of 0.43µg/g. Further, 
the concentration magnitude of Fe and Ni is increased by almost a maximum of all values (92.57 µg/g 
and 0.44 µg/g, respectively) and is likely 30% above average in the western part. However, in the 
southern part, they hardly pass the average in January and stayed below average in February. By the 
same token, the highest values for Mg (86.01 µg/g and 62.64) areas above the average (61.72 µg/g) of 
all values in the western part in April and May. Moreover, the January and February concentrations 
were not levelled up any greater than average. Similarly, the concentration values (in µg/g) of Co (0.04) 
and V (0.12) remain slightly below average in the south for January and February but above average 
in the west. Vanadium reaches the same value of average in April and May in the west. The ratio of the 
standard deviation to average values for the 3rd group is less than 40%, that is, 4:10, which is equivalent 
to the ratio 2:5. 
The smelter, Automotive, and Coal combustion sources comprise the fourth group. As has been noted, 
Cu (0.22 µg/g) was almost 3 times above the minimum magnitude in April, although shortly after Cu 
(0.08 µg/g) decreased the value by the minimum magnitude (0.08 µg/g) and 50% of the average in 
May. In the south, however, Cu (0.16 µg/g) showed an average value and was levelled by 50% of the 
maximum. Conversely, Cu (0.10 µg/g) decreased the magnitude by 3 times below the maximum (0.30 
µg/g) in February. Near zero results were obtained for As and Cd in the west and the south. Moreover, 
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the Ba (0.51µg/g) value in April is close to the average (0.42 µg/g) magnitude but was nevertheless 
over double the minimum (0.21µg/g) in May. In January and February, the concentration values (in 
µg/g) of Ba (0.36and 0.49)were twice as large as the minimum (0.21)and withdrawal average. In the 
same way, the maximum magnitude of Ba for all samples remained below (0.70). Although a steady 
magnitude was observed for Pb(0.05 µg/g) in the west during April and May, in the south only Pb (0.21 
µg/g) experienced a maximum value in January. 
5.4.1 Chemical Characterization and Calculation  
As Table 5.4 shows, the strong uphill correlation in the western part of the study area is caused by 
geological influences that are dependent upon many factors from the DEF and Wt. A positive 
relationship is articulated from K and Fe to Al equally from Fe to K. In the same way, a strong positive 
correlation is represented among the elements of the first group, except for the moderate positive 
correlations from Si to Na (55%), Mg (66%), Al (53%), from Sr to Si (57%) and Mn (66%),and from Fe 
to Si (54%). To this end, weak but still positive correlations from Sr to Na (34%) and Mn to Si (49%) are 
recognized. A strong correlation magnitude is shown from K (73%) to the DEF and Wt, as well as a 
moderate positive correlation from Zn (50%) to dust weight.  
There was a lack of correlation from Zn (18%) to DEF. In fact, no correlation is observed from Zn to 
elements from the first group such as Mg (6%), Al (-14%), K (-10%), Ca (-9%), Mn (-7%), and Fe (8%). 
However, a weak positive correlation is indicated for Na (33%) and Si (58%), and a weak negative 
correlation to Sr (-33%) is included.  
A high correlation value is depicted in the 3rd group of Airborne Metals Regulations with a given strong 
correlation magnitude from DEF and Wt to Cr, Fe, Mg, Co, Ni, as well as an exception of a moderate 
positive relationship from V (53%). A perfect positive relationship can be seen between Fe and Ni to Al 
and K. Although a strong correlation value is given to K from the 2nd group, zero relationships are 
expressed from the group elements to Zn, albeit not for the weak correlation from Cr to Zn (58%).  
As the same manner, there is a strong correlation from Cr (88%) to Si, a moderate correlation from Fe 
(54%), Ni (58%), and Mg (66%) to Si, and weak positive correlations from Co (42%) and V (31%) to Si. 
Moreover, a strong, positive individual correlation can be seen between Fe or Ni to Al and K. A strong                
positive relationship from Cu and Ba to DEF and the Wt. is revealed, excluding an uphill negative 
correlation from As and Cd (-82%) to the dust event frequency. At the same time, a moderate negative 
relationship is indicated from the Wt correlation for As (-56%) and Cd (-54%).  
A strong positive relationship to Cu and Ba from the first, second and third groups can be recognized; 
however, there are negative relationships with As and Cd and a close to zero relationships with Pb. In 
addition to the negative relationships, a strong negative correlation can be seen between Ba to As and 
Cd. Notwithstanding the strong relationship of DEF and Wt. to the elements from matrices based on 
Airborne Metals Regulations, a moderate but positive correlation can be found to Na, Mn, Sr, Co, and 
V. Conversely, strong negative correlations are shown with As and Cd followed by near zero 
relationships to Zn and Pb.  
In the southern study area (Table 5.5) correlation matrices of monthly concentrations represent strong 
uphill relation values from Na (76, 70%) and/or Sr (83, 93%) to DEF and Wt., respectively. Conversely, 
null and moderate negative relationship values occur with Ca (-8, -18%) and Si (-57, -74%). Similarly, 
a strong positive correlation is represented among the elements of the first matrix with the exception of 
a significant negative correlation to Sr (-93%). Furthermore, there are moderate negative relationships 
from Si to Mn (-45%), Fe (-43%), and Ca (-52%), and zero relationships are revealed from Si to Na (-
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Figure 5.3 Concentration value chart from the southern (top) and western (bottom) of study area  
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Positive relationships with DEF and Wt. are articulated in the second matrix. Significantly positive 
correlation values are observed from K to Na (89%), Mg (97%), Al (92%), Ca (71%), Mn (84%), and Fe 
(86), as well as from Zn to Na (79%), and Sr (77%). The exceptions are an almost zero correlation to 
Ca (-100%) and a negative correlation to Si (-48%). Although a strong correlation is observed from Ni 
(71, 79%) and Fe (71%) to the  DEF and Wt., in general, a moderate positive relationship characterizes 
the correlation from the third matrix to DEF and Wt. There are perfect positive relationships from Co to 
Al (100%), and from Fe to Mn (100%), while there are almost zero correlation states from Cr to Sr, and 
from Mg to Si. Weak to moderately negative relationships from V (14%), Ni (37%), Co (25%), and Fe 
(43%) to Si are shown.  
The high correlation value is depicted from the final matrix to Wt values. Relationship values are strongly 
positive for Pb (95%) and Cu (72%). In contrast, strong negative correlations are shown with Cd (-73%), 
and As (-95%) with a weak positive correlation with Ba (33%). Correlations of the matrix to dust event 
frequency (DEF) show a perfect and moderate negative value to As (100%) and Cd (55%), respectively, 
and almost no relationship to Ba (7%). In contrast, strong and moderately positive values are articulated 
to Pb (99%) and Cu (64%), respectively. In addition to the relationship among elements and dust event 
frequency, no correlation was observed from Cu and As to Si and Ca, respectively. By the same token, 
zero correlation is expressed from Cd to Na, Mg, K, Co, and V. There was also zero correlation from 
Ba to Na, Ca, Zn and As. A strong negative correlation is also shown from As to Sr (-85%), Zn (-99%), 
from Pb to As (-98%), and from Cd to Sr (-92%). Weak negative correlations are shown from Cd to Al 
(-33%), Mn (-45%), Fe (-44%), Zn (-46%), and Ni (-36%). 
A moderate negative correlation is shown for Pb coupled with Ba to Si (50%), and Cd (50%). Aside 
from the moderate relationship of DEF and Wt to the matrices of the elements, a high positive correlation 
for these objects can be found with Fe, Sr, Zn, Ni, Cu, and Pb; conversely, an exceptional perfect 
negative correlation is found with As. Furthermore, a weak to near zero correlation can be seen with 
Ba, Ca and V.  
Henceforth, differential correlations between the southern and western parts of the study are  from Si, 
Ca, Al and Mg to DEF and Wt, as adjacent to local weathering (wind speed and wind direction, land 
cover based on Table 5.2, discrimination of the first group elemental concentration value) suggest that: 
Si, Ca, Al and Mg may have higher local impacts on the atmosphere rather than globally. Consequently, 
the nearby source contributors of the first matrix (Crustal Geologic and Aerosol Marine) should be 
monitored to predict the concentration values of these elements within soil and water. As an illustration, 
the addition of Si decreased the values of Mn, Cu, Fe, and Zn. 
Moreover, some elements tend to be depleted (e.g., Zn, Fe, Cu, Mn) or enriched (e.g., Si, Mg, Na, K), 
which may occur as a result of soil weathering processes and anthropogenic factors. Meanwhile, the 
efficacy of Airborne Metal Regulations in the second matrix can be proven in the west and south parts 
of the study area revealing the lack of any strong correlation from Zn and K to DEF and Wt, respectively. 
Similarly, elemental values of Kalong with Zinc deficiency are related to the vegetative burning activities 
after or during the harvesting season. Although Chromium and Magnesium levels declined in the 
southern part of the study area, the contributions of iron-steel industries and oil combustion located 
there have shown a proven disruption of correlation values in the 3rdmatrix. Thus, this relationship 
should be included in conversations about outcomes from anthropogenic activities and media from 
different geographical regions regardless of concentration level. Notably, with Chromium, the 
concentrations of Vanadium are slightly elevated from oil combustion sources. 
 
 




Table 5.4 Key indicating elements with associated sources for maximum correlation in the western part 
 
Zero relationships. Up to 30%,  A weak relationship. Up to 50%, A moderate relationship. Up to 70%,  Strong and perfect relationship Up to 100   
W DEF GDR Na Mg Al Si K Ca Mn Fe Sr K Zn Cr Fe Mg Co Ni V Cu As Cd Ba Pb
DEF 1.00
GDR 0.92 1.00
Na 0.56 0.73 1.00
Mg 0.81 0.82 0.89 1.00
Al 0.75 0.70 0.84 0.98 1.00
Si 0.90 0.97 0.55 0.66 0.52 1.00
K 0.77 0.73 0.85 0.99 1.00 0.55 1.00
Ca 0.92 0.82 0.68 0.94 0.93 0.71 0.94 1.00
Mn 0.68 0.69 0.90 0.98 0.99 0.49 0.99 0.88 1.00
Fe 0.75 0.73 0.87 0.99 1.00 0.54 1.00 0.93 0.99 1.00
Sr 0.87 0.63 0.34 0.72 0.76 0.57 0.76 0.92 0.66 0.73 1.00
K 0.77 0.73 0.85 0.99 1.00 0.55 1.00 0.94 0.99 1.00 0.76 1.00
Zn 0.18 0.50 0.33 0.06 -0.14 0.58 -0.10 -0.09 -0.07 -0.08 -0.33 -0.10 1.00
Cr 0.80 0.96 0.87 0.84 0.72 0.88 0.74 0.74 0.74 0.75 0.45 0.74 0.58 1.00
Fe 0.75 0.73 0.87 0.99 1.00 0.54 1.00 0.93 0.99 1.00 0.73 1.00 -0.08 0.75 1.00
Mg 0.81 0.82 0.89 1.00 0.98 0.66 0.99 0.94 0.98 0.99 0.72 0.99 0.06 0.84 0.99 1.00
Co 0.71 0.60 0.73 0.93 0.98 0.42 0.98 0.93 0.96 0.97 0.81 0.98 -0.30 0.59 0.97 0.93 1.00
Ni 0.78 0.75 0.85 0.99 1.00 0.58 1.00 0.95 0.99 1.00 0.77 1.00 -0.08 0.76 1.00 0.99 0.97 1.00
V 0.53 0.53 0.86 0.91 0.96 0.31 0.95 0.79 0.98 0.96 0.57 0.95 -0.19 0.62 0.96 0.91 0.94 0.94 1.00
Cu 0.77 0.95 0.88 0.84 0.71 0.87 0.74 0.72 0.74 0.75 0.42 0.74 0.60 1.00 0.75 0.84 0.58 0.75 0.62 1.00
As -0.82 -0.56 -0.30 -0.70 -0.75 -0.50 -0.75 -0.90 -0.65 -0.72 -1.00 -0.75 0.41 -0.38 -0.72 -0.70 -0.82 -0.75 -0.58 -0.36 1.00
Cd -0.82 -0.54 -0.25 -0.66 -0.71 -0.50 -0.71 -0.87 -0.61 -0.68 -0.99 -0.71 0.42 -0.36 -0.68 -0.66 -0.78 -0.71 -0.53 -0.33 1.00 1.00
Ba 0.73 0.82 0.97 0.98 0.94 0.64 0.95 0.85 0.96 0.96 0.57 0.95 0.20 0.89 0.96 0.98 0.86 0.95 0.91 0.89 -0.54 -0.49 1.00
Pb -0.42 -0.11 0.52 0.11 0.09 -0.27 0.09 -0.24 0.23 0.13 -0.58 0.09 0.29 0.17 0.13 0.11 0.00 0.08 0.33 0.21 0.58 0.62 0.29 1.00





Capacitance measurement of dust 




Table 5.5 Key indicating elements with associated sources for maximum correlation in the southern part 
 
Zero relationships. Up to 30%,  A weak relationship. Up to 50%, A moderate relationship. Up to 70%,  Strong and perfect relationship Up to 100 
S DEF GDR Na Mg Al Si K Ca Mn Fe Sr K Zn Cr Fe Mg Co Ni V Cu As Cd Ba Pb
DEF 1.00
GDR 0.95 1.00
Na 0.76 0.69 1.00
Mg 0.37 0.47 0.78 1.00
Al 0.57 0.69 0.80 0.96 1.00
Si -0.57 -0.74 -0.05 -0.06 -0.33 1.00
K 0.47 0.50 0.89 0.97 0.92 0.04 1.00
Ca -0.08 -0.18 0.57 0.62 0.39 0.73 0.71 1.00
Mn 0.51 0.68 0.67 0.92 0.98 -0.45 0.84 0.25 1.00
Fe 0.55 0.71 0.72 0.93 0.99 -0.43 0.86 0.28 1.00 1.00
Sr 0.83 0.93 0.38 0.22 0.49 -0.93 0.20 -0.52 0.54 0.55 1.00
K 0.47 0.50 0.89 0.97 0.92 0.04 1.00 0.71 0.84 0.86 0.20 1.00
Zn 0.99 0.92 0.79 0.37 0.54 -0.48 0.49 -0.01 0.46 0.51 0.77 0.49 1.00
Cr 0.38 0.39 0.86 0.96 0.87 0.16 0.99 0.79 0.78 0.80 0.07 0.99 0.40 1.00
Fe 0.55 0.71 0.72 0.93 0.99 -0.43 0.86 0.28 1.00 1.00 0.55 0.86 0.51 0.80 1.00
Mg 0.37 0.47 0.78 1.00 0.96 -0.06 0.97 0.62 0.92 0.93 0.22 0.97 0.37 0.96 0.93 1.00
Co 0.56 0.66 0.83 0.97 1.00 -0.25 0.95 0.47 0.96 0.97 0.43 0.95 0.54 0.91 0.97 0.97 1.00
Ni 0.71 0.79 0.87 0.91 0.98 -0.37 0.91 0.36 0.94 0.96 0.58 0.91 0.69 0.85 0.96 0.91 0.98 1.00
V 0.23 0.40 0.61 0.97 0.93 -0.14 0.88 0.50 0.94 0.93 0.22 0.88 0.21 0.87 0.93 0.97 0.93 0.85 1.00
Cu 0.64 0.72 0.88 0.95 0.99 -0.27 0.95 0.46 0.94 0.96 0.48 0.95 0.63 0.91 0.96 0.95 0.99 0.99 0.89 1.00
As -1.00 -0.95 -0.73 -0.33 -0.54 0.59 -0.43 0.13 -0.48 -0.52 -0.85 -0.43 -0.99 -0.33 -0.52 -0.33 -0.52 -0.68 -0.20 -0.61 1.00
Cd -0.55 -0.73 -0.04 -0.06 -0.33 1.00 0.04 0.74 -0.45 -0.44 -0.92 0.04 -0.46 0.16 -0.44 -0.06 -0.25 -0.36 -0.15 -0.27 0.58 1.00
Ba 0.07 0.35 0.16 0.67 0.72 -0.50 0.48 -0.03 0.84 0.80 0.38 0.48 -0.01 0.44 0.80 0.67 0.68 0.61 0.82 0.60 -0.05 -0.51 1.00
Pb 0.99 0.95 0.84 0.48 0.65 -0.50 0.59 0.05 0.58 0.62 0.78 0.59 0.99 0.50 0.62 0.48 0.65 0.78 0.34 0.73 -0.98 -0.48 0.11 1.00
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Identically, the correlation among elements from the 4thmatrix to the dust’s physical properties shows a 
clear reduction in lead concentrations in the western part of the study area. Although at least two sites 
show a contribution of lead from industrial stations nearby, the only possible explanation for the overall 
reduction appears to be the absence of a lead from industrial emissions. The concentrations of cadmium 
are low in the west and elevated in the south, which is probably due to the wind direction and seasonal 
rains. 
5.5 Conclusion  
Dust events originate predominantly in arid or semiarid areas and cover approximately 33% of the 
global land area (Duce, 1995) and 58% of the study area. The rates of dust deposition observed across 
the study area vary at almost 250 g in square meters per year. The sites receiving dust deposition were 
classified into broad categories based on natural and anthropogenic features. The element 
concentration analysis is carried out with the help of an Inductively Coupled Plasma-Mass Spectrometer 
(ICP-MS) for 20 elements. Geometric values for each element in the southern part (n=50) and the 
western part (n=50) of the study area were compared. Specifically, positive, zero and negative 
correlations among elements and the physical parameters of dust samples adjacent to the four matrices 
of Airborne Metals Regulations are observed. This study comprises a perfect complement to the 
lessons learned from (Larssen & Carmichael, 2000; D. R. Muhs & Benedict, 2006) in finding dust 
sources by using texture similarities in dust accumulation in the area of research (G01 to G02; G09 to 
G10). At the same time, correlations from atmospheric reports and DEF can prove that the highest 
proportion of dust subjected to Airborne Metals Regulations associated with dominant sources (DS) are 
formed at local and regional scales rather than globally. 
To summarize, weathering combined with anthropogenic change influences the composition of dust 
travelling from the source region to local deposition; however, this composition cannot be easily 
controlled. Although in some cases a severity in correlation without a resulting change in the value of 
the element composition has been observed, elemental correlations of individual matrices are 
nonetheless the marked effects of dominant sources. An impediment arises from the fact that there is 
no way to isolate each individual matrix or the environment from the effects of either anthropogenic 
sources or natural weathering processes. Given this point, developing guidance on the priorities of 
expanding projects and preventative actions towards potential dust deposition from natural and 
dominant sources may be a subject of institutional interest.  
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 Investigation of evaluation of WRF-Chem prediction 
for dust deposition 
Abstract 
The relationships between monthly recorded ground deposition rates (GDRs) and the spatiotemporal 
characteristics of dust concentrations in southwest Iran are investigated in this paper. A simulation by 
the Weather Research and Forecasting Model coupled with the Chemistry modeling system (WRF-
Chem) is conducted for dust deposition during 2014–2015. The monthly dust deposition values 
observed at 10 different gauge sites (G01–G10) are mapped to show the seasonal and spatial variations 
in dust episodes at each location.  
An analysis of the dust deposition samples, however, confirms that the region along the deposition sites 
is exposed to the highest monthly dust load, which has a mean value of 2.4 mg/cm2. In addition, the 
study area is subjected to seasonally varying deposition, which follows the trend: spring > summer > 
winter > fall. The modeling results further demonstrate that the increase in dust emissions is followed 
by a windward convergence over the region (particularly in the spring and summer). Based on the 
maximum likelihood classification of land use land cover, the modeling results are consistent with 
observation data at gauge sites for three scenarios [S.I, S.II, and S.III].  
The WRF model, in contrast with the corresponding observation data, reveals that the rate factor 
decreases from the southern [S.III- G08, G09, and G10] through [S.II- G04, G05, G06, G07] to the 
northern points [S.I-G01, G02, G03]. A narrower gap between the modeling results and GDRs is 
indicated if there is an increase in the number of dust particles moving to lower altitudes or an increase 
in the dust resident time at high altitudes. The quality of the model forecast is altered by the deposition 
rate and is sensitive to land surface properties and interactions among land and climate patterns. Using 
GDRs that correspond with adequate information about the transport and deposition characteristics in 
the model improves the prediction by 20% for [S.I] in winter 2015 and by 15% for [S.II] in spring 2014. 
 




Small solid and dry particles can remain suspended in the Earth’s atmosphere for a sufficiently long 
time to extensively affect the weather and climate (Calvert, 1990; Charlson et al., 1992; Prospero et al., 
2002; Song et al., 2008; Rezazadeh et al., 2013). When particles are airborne, they can affect the 
radiation balance by scattering and absorbing radiation (Haywood and Boucher, 2000; Sokolik et al., 
2001; Tegen et al., 2004; Kim et al., 2008), in addition to the immediate threat they pose to the 
atmosphere and satellite retrievals (Merchant et al., 2006; Amiridis et al., 2013).  Dust also significantly 
affects air quality (Claiborn et al., 2000; Liu et al., 2006) and causes considerable impairments to 
societal health, specifically human health, (Kwon et al., 2002; Chen et al., 2004; Groll et al., 2013; Opp 
et al., 2017) and infection (Thomson et al., 2006; Díaz et al., 2012; De Longueville et al., 2013). 
Moreover, dust can affect agriculture (Stefanski & Sivakumar, 2009), engines, and technical 
infrastructure (Elminir et al., 2006; El-Nashar, 2003; Kazem et al., 2014; Ohde & Siegel, 2012), thereby 
causing severe economic damages (Ai and Polenske, 2008; Miri et al., 2009). Models that predict dust 
behavior can improve our understanding of dust process and its effects. However, a detailed knowledge 
of how dust is activated, including the characteristics of activation, dust transport routes, and deposition 
processes, is crucial to fully understand its complexity (Schepanski et al., 2017).  
The dynamical core of the Weather Research and Forecasting (WRF) model includes several numerical 
approaches, such as model initialization, boundary conditions, physics options, and grid-nesting 
techniques (Skamarock et al., 2008). Physical and Planetary Boundary Layer (PBL) parameterization 
is required to model small-scale processes, such as precipitation, which generally cannot be 
numerically discretized by the model (Mandal et al., 2004; Dalin Zhang & Anthes, 1982). The WRF 
coupled with the Chemistry modeling system (WRF-Chem) can be configured to include indirect aerosol 
effects, which can enhance the results for precipitation (Carvalho et al., 2014; Kai Wang et al., 2015). 
This option is particularly beneficial for modeling the spatiotemporal behavior of gaseous particles in 
urban areas (Arghavani et al., 2019; Y. Zhang et al., 2012) (e.g. acid rain simulation). Geological and 
terrain features, such as the soil texture and land use, are the leading causes of dust emission 
(Hahnenberger & Nicoll, 2014; J. Huang et al., 2014). However, considering the details of the life of 
dust particles, WRF-Chem models have also been used to simulate and investigate dust-climate 
interactions (Gong et al., 2003; Zhang et al., 2008; Sun et al., 2012; Wang et al., 2012; Chen et al., 
2013; Li et al., 2016). Recently, great progress has been made in understanding dust processes by 
modeling the dust source function (Nabavi et al., 2017) and numerically simulating dust events (Hamidi 
et al., 2014; Zhang et al., 2015) in West Asia. Many researchers have attempted to evaluate model 
simulation data using air quality station (Teixeira et al., 2016; Chen et al., 2014) data and AOT  (aerosol 
optical thickness) observations over the AERONET ( AErosol RObotic NETwork) or retrieved from 
satellites with in situ measurements (Huang et al., 2008). In other studies, dust emission fluxes in 
atmospheric models have been mainly parameterized by several atmospheric and geological factors 
(Beres et al., 2005; Mihailović & Kallos, 1997), such as the wind speed and soil structure. In wind 
simulations, good performance of the WRF numerical model for dust emissions is vital and 
consequently influences the model results of dust concentrations (Carvalho et al., 2012; Mattar & 
Borvarán, 2016). 
Furthermore, soil erodibility is a crucial factor for identifying dust sources and estimating the dust 
emission flux from the surface (Nichols and Hirst, 1998; Koren et al., 2006; Todd et al., 2008). A higher 
erodibility could make the soil more susceptible to erosion, which would lead to a larger dust emission 
(Bullard et al., 2011). In numerous dust models, a global dust source function, presented by Ginoux et 
al. (2001), is used. This source function, S(Zi), is based on the topography and estimates the probability 
that soil sediments will accumulate at a specific location as follows: 









Global dust source function: where Zi is the altitude that is normalized by the Zmax and Zmin heights over an 
area of 10° × 10° around the ith grid point. S is the erodibility factor for the ith grid of the model.  
 
The southwestern part of Iran is exposed to aeolian dust (Wilkinson, 2014; Boloorani et al., 2014; Daniali 
and Karimi, 2019; Gerivani et al., 2011; Ghasem et al., 2012; Heidarian et al., 2018). Recently, 
numerous studies have evaluated the dust deposition rates and the physical and chemical 
characteristics of dust in Iran  (Zarasvandi et al., 2011a; Rashki et al., 2013; Gholampour et al., 2014; 
Foroushani et al., 2019) and worldwide (A. S. Goudie & Middleton, 2001; Ta et al., 2004; X. Lu et al., 
2009; Shah & Shaheen, 2010; Schleicher et al., 2011; Al-Harbi, 2015). Previous studies have indicated 
influences of the PBL and the land surface on the calculation of aeolian feedback (Choobari et al., 2012) 
and these relationships were used to determine the soil moisture and its corresponding relationships 
with atmosphere, land, and transport processes.  
Although previous research compared the impacts of model processes from WRF-Chem prediction 
relative to those from different methods of observation, very few works have reported on the 
effectiveness of using ground deposition rates (GDRs) as ground-based observations combined with 
model outputs from WRF-Chem. Given the lack of existing literature, this study aims to provide ground-
based observations based on more detailed information about the dust episode in the region. The 
second aim, however, is to demonstrate the beneficial impact of GDR observations on the output of the 
WRF-Chem model.  
The outline of this paper is as follows. In (chapter 3), the study area is illustrated, and the land surface 
and climate maps, which include the experimental design of the gauge sites (geo-coordination), are 
explained. The approaches and methodology of sampling and the model simulation are clarified in 
section 6.3.1. The mean results and climate factors of the dust sampling analysis are provided in section 
6.4. The seasonal and spatial variations in the dust deposition and concentration rates were extensively 
investigated. An evaluation of the model based on quantifying the dust load and dust concentration and 
a discussion of the climate factor and dust behavior is given in the next section. 
6.2 Materials and method  
Table 6.1 shows that the sites were coded as G01 to G10 and located based on the distribution and 
intensity of the dust events reported in the annual report of IRMO (2016). Twenty samplers were 
constructed and placed in 10 gauge sites and the dominant local features were observed.  
Table 6.1 Location, altitude, and total distance of dust samplers 
No LULC based on LUCAS Code Geo-Coordinate Climate 
1 Bare & Artificial G01 34.000553, 45.497595 Arid Steppe Hot [BSh] 
2  Bare  G02 34.007182, 45.499075 Arid Steppe Hot [BSh] 
3  Bare  G03 34.393584, 45.648174 Arid Steppe Hot [BSh] 
4  Bare & Vegetation G04 34.423028, 45.993753 Temperate Hot [Csa] 
5 Bare & Vegetation & Artificial G05 34.353365, 47.101335 Temperate Hot [Csa] 
6 Bare & Vegetation G06 33.024976, 47.759393 Temperate Hot [Csa] 
7 Vegetation & Wet area G07 32.380038, 48.282664 Arid Steppe Hot [Bsh] 
8 Bare & Wet area & Vegetation G08 31.445194, 48.632398 Arid Desert Hot [BWh] 
9 Bare & Water & Artificial G09 30.584651, 49.163632 Arid Desert Hot [BWh] 




To understand the impact of the physical distribution of dust in southwest Iran, the sampling sites over 
the LULC of the study area were classified. The GDR data, coupled with the WRF-Chem model, 
revealed the severity of the physical distribution of the aeolian dust over the study area.   
6.2.1 Data sampling method and analysis  
From chapter 3, the sampler design was deliberately kept simple to ensure long-term durability and 
easy maintenance (ASTM D1356, 2017; IHS under license with ASTM, 2010). Each sampler consisted 
of a plastic container with a surface area of 314 cm² and a paper inlay for passive dust collection.  
6.2.2 Gauge site over LULC  
The global environment, ecological functions, and structures are affected by the LULC. Thus, the LULC 
illustrates the evolution of the ecological function in a human–environment system (Bates & Rudel, 
2000; Verburg et al., 2004). In this system, numerous drivers interact with different feedbacks, and the 
consequent interactions affect the development pattern (Lambin & Geist, 2008; Verburg et al., 2004). In 
several cases of aeolian dust in North Africa, South-west Asia, South-west USA, and China (inner 
Mongolia), repeated droughts and possible consequences of climate variability, such as desertification, 
are of interest to numerous scientists (Jamalizadeh et al., 2008; Taghavia & Mohammadi, 2008; 
Thomas et al., 1997). In south-west Asia, several areas, such as west Iran, are much more prone to 
dust storms than other areas due to differences in soils and climate (Taghavi et al., 2017). To enhance 
the identification of dust events in the study area using GDR data, various biophysical categories were 
distinguished, such as: The areas of vegetation (e.g., trees, bushes, crops, grasses, and herbs), 
artificial land (building, industries, and road), bare soil, or bare land (rock, sand, and areas with no 
dominant vegetation cover on at least 90% of the area) cover, and wet areas and bodies of water 
(sheets of water, watercourses, and wetland). As shown in chapter 3 (Figure  3.1) a given circle 
centered (with a radius of 10 km) at each gauge site (G01–G10) represents the spatial pattern of the 
LULC. This analysis represents the whole area with respect to each sampler at the gauge site.  
6.2.3 WRF-Chem model simulation 
Several atmospheric and environmental variables, such as the dust concentration and dust load, as 
well as the wind direction and speed over the deposition sites, were simulated by the WRF-Chem model 
(V3.9.1) (Grell et al., 2005; Skamarock et al., 2008). Under the planetary and boundary layer conditions 
required to run the WRF model, the reanalysis product of the European Center for Medium–Range 
Weather Forecasts, called the ERA-Interim data (Dee et al., 2011), which has a spatial resolution of 
0.75° × 0.75°, were acquired to run the WRF-Chem model. ERA-Interim data is a global atmospheric 
reanalysis dataset available for the period from 1979 to 31 August 2019 and is provided by the models 
and data assimilation systems of the European Centre for Medium-Range Weather Forecasts. For this 
study, dust-only simulations were performed for two periods: March to April 2014 and January to 
February 2015. Figure 6.1 shows the simulation domains. The spatial resolutions of the main domain 
and subdomain are 30 km × 30 km and 10 km × 10 km, respectively. 




Figure 6.1 Simulation domain 
*The spatial resolution of the main domain is 30 km × 30 km (left) and that of the subdomain is 10 km × 10 km 
(right) 
Several physical options that have been highly tested and have produced reasonable results were set 
as the physical options of the WRF model (Table 6.2). These standard options were introduced in the 
WRF model as the physics suites, beginning in version 3.9. 
Table 6.2  Configuration options for the WRF-Chem model for dust  
Physical option  Setting  
Microphysics New Thompson et al. scheme 
Cumulus Parameterization Tiedtke scheme (U. of Hawaii version) 
Longwave Radiation RRTMG (Rapid Radiative Transfer Model for GCMs) scheme 
Shortwave Radiation RRTMG (Rapid Radiative Transfer Model for GCMs) shortwave 
Surface Layer Eta similarity 
Land Surface Noah Land Surface Model 
Planetary Boundary layer Mellor-Yamada-Janjic scheme  
 
6.3 Results and statistics  
As shown in Table 6.3, the gauge sites were subclassified into three main climate zones: [BWh], [BSh], 
and [Csa]. Arid desert climates and hot [BWh] climates are represented in the northern coastal plains 
of the Persian Gulf between the latitudes of 30ºN and 31ºN. The next climate zone represents an arid 
steppe hot zone [BSh], which is located between 34ºN and 32ºN. A temperate climate with a warm and 
hot summer zone [Csa] is located between 33ºN and 34ºN, starting in the extreme western region. 
Additional results were calculated to improve estimations of the dust load, concentration, and deposition 
and are described in the Discussion section.  
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Table 6.3  Land cover in the study area 
Sampler and Gauge site number Land cover in total area of study (%) 
Longitude  E45-46 45-46 45-46 46-47 47-48 47-48 48-49 48-49 49-50 48-49 










BSh BWh BWh BWh 
Gauge sites G01 G02 G03 G04 G05 G06 G07 G08 G09 G10 
Artificial  0.07 0.07 0.00 0.95 32.49 0.11 4.33 8.18 9.09 24.81 
Bareland 99,93 99.93 98.85 50.90 33.11 72.90 10.32 57.94 60.41 36.43 
Industrial 0.00 0.00 0.00 0.00 0.47 0.00 0.00 0.00 0.68 1.58 
Vegetation 0.00 0.00 1.56 48.66 34.22 27.00 77.48 33.10 19.07 14.91 
Wet land 0.00 0.00 0.00 0.00 0.00 0.00 8.40 0.79 10.76 22.27 
Total  100 100 100 100 100 100 100 100 100 100 
Accuratcy  0.00 0.00 +0.40 +0.50 +0.30 0.00 +0.50 0.00 0.00 0.00 
*The gauge sites, area for each site with a radius of 10 km 
In the following section, we authentically represent the relative atmospheric state using GDR data, 
including the wind magnitude, precipitation, and temperature (Duce, 1995; AO, 2001; Andrew S Goudie, 
2009; X. Huang et al., 2011). These parameters have been hypothesized to reflect the increase or 
decrease in the aeolian deposition rate under the LULC classification.  
In general, wind speed data for March 2014 to 2015 show that the highest wind speeds occurred in the 
late spring, summer, and early autumn in the eastward direction (1.0–2.5 m/s). In contrast, the lowest 
speeds occurred in the winter and spring. The wind speed in the winter was approximately zero in the 
northward direction, whereas it exceeded that of the eastward direction (1.5 m/s) in the spring 
throughout the study area. An existing study about an Asian dust storm showed that dust events can 
be recognized on the basis of the total suspended dust particulate matter (TSP) in combination with the 
visibility and wind speed (Hoffmann et al., 2008). The study suggested that a wind threshold of 17 m/s 
can decrease visibility to 1000 m if the TSP is less than 2000 µg/m3. In addition, Song et al., (2007) 
identified a wind threshold of 5 to 10 m/s on TSP ( <500 µg/m3 ) and visibility (2000 m) from a study on 
northeast Asian Dust. In addition to wind thresholds, our results are also in agreement with a finding 
from Ta et al., (2004), in which the reported that eastward and southward wind speeds varied from 1 to 
6 m/s during dust events. 
The mean value of the monthly precipitation was 37.70 mm (Historical climate data, 2016; Iran 
Meteorological Organization, 2014), whereas the precipitation per month was notably below average in 
the summer and winter and above that in the spring and fall. Based on rain taxonomy (Thanh, 2019), 
the precipitation in June, July, and August can be classified as zero-rain (0-1.8 mm/month) when deficits 
in precipitation occurred (Abdulrazzaq et al., 2019). However, light rain (18-180 mm/month) events, 
where the precipitation was below the mean value, were recorded in May, September and October. In 
contrast, the rainfall in November, December, February, March, and April indicated a value of 
approximately 50 mm, which is above average. 
Ambient monthly temperatures were observed during nearly the entire fieldwork period. The mean 
temperature was generally much higher than 16 °C. A long period of high temperature points fluctuated 
between 29 °C and 43 °C in the summer. The annual minimum temperature was also warmer than the 
minimum temperature in the winter, which experienced a minimum value of -8 °C. This temporal pattern 
was also detected by National Oceanic and Atmospheric Administration (NOAA) researchers (Lenssen 
et al., 2019). Furthermore, this study is, thus, in accordance with the results of Alizadeh-Choobari and 
Najafi, (2018), which are as important as the aforementioned results and state that a rise in temperature 
is associated with a decrease in total annual precipitation. Higher temperatures are generally 
associated with lower precipitation amounts and vice versa. This observation is expected because the 
[G10, G09, G08, G07] and [G06, G04] regions are associated with more sunshine and less evaporative 
cooling.  
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6.3.1 Ground observation of deposition rates 
Ordinary inverse distance weighted (IDW) interpolation technique was applied to identify the average 
seasonal magnitude of the GDRs obtained from the 10 gauge sites in Fig. 6.2; it demonstrates that the 
average seasonal GDRs ranged from 0.3 to 2.0 mg/cm², which corresponds to monthly field deposition 






Figure 6.2 Maps showing the seasonal dust deposition rates (mg/cm2 /month). 
 
Overall, the seasonal adjustment shows that after February 2014, the deposition rate (mg/cm2) rose 
sharply to 1.3, increased to 1.4 in March and April, and remained constant in May (1.3). The GDR 
values fluctuated between 1.3 and 1.4 mg/cm2 during the spring and summer and dropped sharply to 
0.7 mg/cm2 in September. Again, the deposition rate rose slowly in October, and then steadily declined, 
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reaching minima in December. In January 2015, it underwent a sudden increase, and the deposition 
rate almost recovered to its maximum rate of 1.5 in February. Finally, the rate dropped by 1.2 mg/cm2 
in March. By all means, the highest deposition rate occurred in the spring, and the lowest in the fall, 
based on the high negative correlation between the GDR and precipitation. This contribution is 
consistent with the observations of Trenberth (2011), which is revealed the highest dust deposition rates 
in early summer could be caused by dusty winds and low humidity. In addition, the lowest dust 
deposition rates occurred in autumn when heavy rainfalls occurred during the sampling time. In line 
with  the highest deposition rate in the Gansu province of China (Ta et al., 2004) occurred in the spring. 
However, with a slight offset, the highest seasonal deposition rate in northern Kuwait (Al-Dousari & Al-
Awadhi, 2012, 2012) occurred in the winter, with the rates in spring, summer, and autumn decreasing 
in that order.   
 
Figure 6.3  Seasonal average deposition rate gathered from the GDR 
The seasonal deposition trend is as follows: spring > summer > winter > fall. This trend is depicted in 
Fig. 6.5. The highest GDR value was exhibited in spring (11 mg/cm2), and the fall season showed 
deposition rates (mg/cm2) ranging from 0.67 to 7.44, which constitute the lowest recorded rate. No 
statistically significant difference was observed between the GDR values in the late winter, spring and 
summer; however, the mean differences between the fall and winter seasons were statistically 
significant. 
6.4 Model output and discussion  
Figure 6.4 shows the WRF-modeled wind rose diagrams for the deposition sites for the two simulation 
periods in 2014 and 2015. The general patterns of the wind rose diagrams for both the simulation 
periods are reasonably similar. The predominant wind directions can be noticed along the northwest to 
the southeast, particularly for G08, G09, and G10, which are located in the depositional plain of the 
south. These predominant wind directions are consistent with the simulated dust concentration by the 
WRF-Chem model. 
Figure 6.5 illustrates the contour maps of the simulated dust concentrations (μg/m3) over the second 
domain (subdomain) of the WRF model. Outputs of the weather simulations are set with an interval of 
1 h; however, to enhance the existing data visualization, each image in Fig. 6.5 represents a 20-day 
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From (a) to (f), regions with higher dust concentrations, depicted as red contours, are noticeable over 
the southern parts of the second simulation domain in G10, G09, G08, and G07. A reason for this 
pattern may be the soil erosion fields, which cover considerably large areas in the south. In comparison, 
in the northern parts with mountainous terrains and high altitudes, the soil sediments of the aeolian and 
fluvial processes cannot be accumulated, and hence, dust sources are not expected to form in such 
regions. 
 
Figure 6.5 WRF-Chem results for concentrations (μg/m3) 
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For further investigation of the WRF-Chem results and variations in the simulated dust load, the time 
series of the modeled dust concentration for the two simulation periods are depicted in Fig. 6.6  from 
(a) to (f).   
 
Figure 6.6 WRF-Chem results for the load (μg/m2) 
Regions with a higher dust load (100k μg/m2) are noticeable over the southern parts of the study area. 
The dust load increased from B to C in 2015 and increased slightly from (d) to (e) in 2014. However, in 
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the northern parts, the dust load barely increased to 26k μg/m2. In Fig. 6.6, dust loads are grouped by 
a time series composed of ten days in a chronological order, in March, April 2014 and January, February 
2015.  
This section discusses the deposition rates based on the LULC classification, climate factors, and GDR 
data, and provides a better interpretation of the overall influence of the deposition rate on the WRF-
Chem model output under the three scenarios. To assess the LULC and climate offset for each gauge 
site, areas with the same climate zone were classified for analysis. A dendrogram is the most commonly 
used method for cluster analysis.  
 
 
Figure 6.7 Hierarchical relationships among the LULC, gauge sites, and climate zones 
 
*Clustering analysis was performed following Ward's method (Tokalıoğlu & Kartal, 2006; Yongming et al., 2006). 
The study area was classified into three exclusive scenarios based on a combination of internal variables, such 
as the climate patterns, and this classification was applied to identify different LULC groups by clustering sites 
with similar climate patterns. 
 
Based on the maximum likelihood classification (Fig. 6.7), the first scenario, S.I, for the three gauges is 
considered as [S.I- G01, G02, G03] under the BSh Climate. The Csa climate zone in the second 
scenario (S.II) covers four gauge sites, depicted as [S.II- G04, G05, G06, G07]. For the third scenario 
(S.III), however, [S.III- G08, G09, and G10] are clustered in the BWh climate zone. 
Seasonal ground-based observations showed that the highest dust deposition rates ranged from 1.45 
to 1.7 mg/cm2, with a mean value of 1.1 mg/cm2 occurring in the spring (April) and that of 1.45 mg/cm2 
in late winter at [S.III- G09, G10]. The maximum mean of the GDR values was recorded in the following 
order: (1.2), summer (1.0), winter (0.8), and autumn (< 0.5). The lowest deposition rates, of 0.35 
mg/cm2, in autumn were reported for September and November and were located at [S.I -G01 to G03] 
and [S.II -G06, G07].  
In the spring, while the highest value (1.49 mg/cm2) was recorded in April for [S.III -G08, G09] and the 
lowest value (0.85 mg/cm2) was recorded in May for [S.I -G03]. Similarly, in summer, for S.III, the 
maximum values of 1.49 and 1.45 mg/cm2 were obtained in June and July, respectively, whereas the 
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minimum amount (0.6 mg/cm2) was observed in August. The minimum value remained the same from 
the late summer onward. Subsequently, it slightly increased in the autumn months, resulting in a 
maximum value (0.8 mg/cm2) at G10 and a minimum value (0.3 mg/cm2) in September and November 
at [S.II- G06 and G07]. Similarly, in winter, a high deposition rate (1.2 mg/cm2) was observed in [S.III- 
G09] in January, with the exception of a heavy dust event in late winter. In contrast, a minimum amount 
(0.35 mg/cm2) was recorded in December at [S.II- G07 and G06]. 
 As is shown in Fig. 6.8 and Fig. 6.9, because of the short geographical distance between G01 and 
G02, the same grid point can represent both G01 and G02; therefore, they are expected to show the 
same values in the plot of the dust load and concentration.  
 
 
Figure 6.8 Time series of the 10-day average and total average modeled load (μg/ m2)  
 
*The time series plot of the modeled dust load and dust concentration is extracted from the WRF outputs using 
the nearest point method. The main Y-axis ( left ) represents the ten-day average values, whereas the 
secondary Y-axis (right) denotes the total average values 
The lowest dust load values [S.I- G03], [S.II- G04, and G05] were in the northernmost deposition sites, 
and the highest dust load values [S.III- G08, G09, and G10] were in the southernmost deposition sites.  
The investigation of the dust load revealed that on the time series plot over any of the individual 
deposition sites, [S.II-G06, G07], and [S.III- G08, G09, and G10] showed approximately the same 
patterns for the variations in the dust loads, and could be classified in the same group. For example, 
the blue column (Feb 10 to 20) and yellow column (Apr 1 to 10) correspond to the period with the highest 
dust load for almost all of the aforementioned sites. However, [S.I - G01, G02, and indeed G03] show 
different variations in the dust load values. This contrast can be explained by the different geographical 
regions of these deposition sites, LULC, and climate patterns, which cause them to experience different 
dust episodes. Therefore, the WRF-Chem model may slightly underestimate the measured dust over 
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the load area with a soil less susceptible to erosion (Nichols and Hirst, 1998; Koren et al., 2006; Todd 
et al., 2008; Bullard et al., 2011). Consistent with Trenberth (2011) and Tao et al. (2012), the correlation 
between the deposition rate and meteorological pattern indicates that high temperatures and lack of 
precipitation are the most significant factors behind a high dust deposition rate. Therefore, in the autumn 
and early winter seasons, the lower values of the meteorological parameters, such as temperature, and 
comparative wind direction, appear to be responsible for the lower deposition. 
Figure 6.9 Time series of the 10-day average and the total average modeled concentration (μg/m3) 
As is shown in Fig. 6.9, the variation in the concentration values indicates the following sequence: [S.I- 
G01, G02, G03] < [S.II- G04, G05, G06, G07] < [S.III- G08, G09, G10]. The lowest rates occurred in 
March and April 2014 for [S.I] (less than 10 μg/m3), [S.II] (slightly above 10 μg/m3), and [S.III] 
(approximately 160 μg/m3). Similarly, with the same trend in January and February 2015, the lowest 
rates were approximately 20 μg/m3 for [S.I], slightly less than 40 μg/m3 for [S.II], and approximately 250 
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A statistical comparison of the GDR and model results for both the load and concentration values over  
the study area was performed to reveal the true correlation and evaluate the rate factor from the model 
output. A strong positive correlation was presented by the WRF-Chem model for the dust load in 
January–February 2015 (80%), at 0.004 (p-value). The probability level and correlation lines showed a 
line-wise match (a perfect match line). In contrast, in the winter, the correlation coefficient between the 
GDR and WRF-Chem data for March–April 2014 (62%) was calculated to have a p-value of 0.032. This 
contribution is consistent with previous research, suggesting that different land surface and the climate 
patterns influence the regional aeolian dust budget and its interaction in the climate system (Li et al., 
2016; Carvalho et al., 2012; Mattar and Borvarán, 2016). Moreover, as is illustrated in Fig. 6.10B, the 
correlation coefficients between the GDR data and WRF-Chem model for the dust concentration in 
January–February 2015 (75%) and March–April 2014 (76%) have p-values of 0.012 and 0.009 (Fig. 
6.10D), respectively. This contribution is reinforced by the rate factor of the dust deposition and by the 
correlation coefficient between the dust-in-suspension level (WRF-Chem for dust) and the deposition 








Figure 6.10 Correlation plot of the WRF-Chem versus the GDR observation 
*Scatter plot between GDRs (observation) and WRF-Chem (model output) illustrates that for the dust load (A) 
and dust concentrations (B) in January 2015 on the left and the correlation coefficient value in spring 2014 for 
the dust load (C) and concentration (D) on the right side 
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Atmospheric variables, such as temperature and precipitation, are sensitive to land–surface properties 
and land–atmosphere interactions (Hartig et al., 1997; Shao and Wang, 2003; McMichael et al., 2006). 
Chronological changes over the land surface are presented under all the conditions, as determined by 
natural and artificial forcing factors (Camuffo et al., 1999). Yap and Oke (1974) suggested that a 
reasonable heat flux was mainly determined by the differential temperature, emitting from the land 
surface to the atmosphere (Rizwan et al., 2008; Lu et al., 2010). Overall, the interactions between the 
various attributes, such as the climate pattern and topology, are influenced by the deposition rate. 
Therefore, the dust deposition rates and climate are expected to differ in different regions (Arimoto, 
2001). The production and movement of the aeolian material through the atmosphere vary in response 
to large-scale climatic features (Dawson et al., 2014; Feng et al., 2016). In particular, topology factors, 
e.g., the vicinity to high-elevated and mountainous areas in the east and north, result in biased 
deposition rates in the north. In addition, with LULC, bare lands, wet lands, urbanization, and vegetation 
can be used to subjectively define the rate at the dust sampling sites. Locations close to construction 
or far from roads appear to affect the quantity and quality of the dust. Therefore, for the given three 
scenarios (S.I, S.II, S.III), a combination of climate variables is applied to the gauge sites.  
The first scenario [S.I- G01, G02, and G03], with an average of 40 °C in the summer and an annual 
precipitation of 170 mm, is mostly comprised of eastward dusty winds. The prevailing wind directions 
are west to east, with northwest and southwest fluctuations (IRIMO, 2013; Doabi et al., 2017). This 
scenario reveals that more than 99% of the land is bare land and land that extends within the borders 
of Iraq follows the same pattern. As the dust load and concentration increase, the rate factor poorly 
represents the deposition rate over the gauge sites [S.I- G01, G02, G03]. The high speed eastward 
wind may have impacted the reading from the model output. 
The second scenario [S.II- G04, G05, G06, and G07] covers a part of the study area in the south (G07), 
which has been suffering from significant increases in dust. G04, G05, and G06 had only small dust 
events. Despite the identical climate over S.II, various land use land surfaces are present. Although 
G04 and G06 are represented by bare land (48%) and vegetation (27%), G05 contains 32%, 33%, and 
34% of vegetation, artificial, and bare lands, respectively. G07 is an exception, as it is represented by 
mixed vegetation (77%), waterbodies (8%), and artificial land (4%). Numerous studies have focused on 
the influence of LULC on atmospheric properties and their processes, e.g., boundary layer dynamics 
(Niyogi et al., 1999), convection (Pielke Sr, 2001), cloud properties (Ray et al., 2003), and precipitation 
(Douglas et al., 2009; Marshall et al., 2004; Pielke Sr et al., 2007; Ray et al., 2006).  
The impact of the land surface on precipitation is complex (Mahmood et al., 2010) and tends to induce 
both increased and decreased precipitation. For the urbanization scenario, the simulation shows that 
the average temperature will be increased by 1.2 °C to 4 °C if the study area is entirely urbanized 
(Lamptey et al., 2005; Li et al., 2018).  
Thus, urbanization influences the exchange values of water and energy between the land and 
atmosphere, due to changes in the surface roughness and soil moisture. In addition, large aerosol 
emissions in urban areas absorb a large amount of solar shortwave radiation and lead to reduced 
albedo (Weng et al., 2004). Therefore, the low albedo can be a major reason for changes in the 
temperature (Betts, 2001; Myhre & Myhre, 2003). Albedo further refers to the fraction of the solar energy 
reflected from the land surface to the atmosphere (Royer et al., 1988). Kueppers et al. (2008) suggested 
that urbanization would significantly impact the heat fluxes between the land and atmosphere. Wetland 
areas have substantially altered evapotranspiration and runoff, which influences the heat exchange 
(Kalnay & Cai, 2003). This can cause shifts of land use to croplands, i.e., the structure and function of 
the vegetation layer can change and the energy flux in the climate system is influenced (Carrington et 
al., 2001; Kutzbach et al., 1998; Stohlgren et al., 1998). This change is consistent with that observed 
previous studies that suggested that irrigation could potentially increase precipitation (DeAngelis et al., 
2010; Trusilova et al., 2008). During the period with increasing dust load, a narrow gap between the 
    
105 
dust concentration and deposition rates over the gauge sites [S.II] was weak. The high-altitude Zagros 
Mountains, however, have negatively affected the impact of the deposition rate at the gauge sites [S.II- 
G07, G06, G05, G04].  
In the third scenario (S.III), frequent dust events occurring over decades were attributed by the spatial 
analysis that showed that the dust pattern extended across the area from a dusty region in Iraq, Saudi 
Arabia, and Syria and reached southwest Iran every year, particularly during the hot season 
(Mashayekhi et al., 2009; Moorthy et al., 2016). Aeolian dust was blown from beyond the national border 
and the aeolian deposition rate has continued to be a major crisis caused by the low topography and 
extremely warm and arid climate, (Zarasvandi et al., 2011) which reaches over 55 °C in the summer 
with an annual (100–150 mm) deficit of rainfall. While one third of the area over G10 is bare land (36%), 
the remaining is composed of vegetation (15%), artificial (25%), and wetlands (22%). The covered 
areas serve as obstacles for dust and trap dust when the wind is not sufficiently strong. As can be seen 
in the last scenario, the areas in G08 and G09 include vegetation (33%, 19%), artificial areas (8%, 9% 
of total), and bare lands (58%, 60% of total). Consistent with the results of Daniali and Karimi, (2019b), 
as the dust load increases, a positive ratio exists between the dust concentration and deposition rate 
over the gauge sites [S.III- G10, G09, G08].   
6.5 Conclusion  
The seasonal dust deposition rate was investigated using the WRF-Chem model to predict the 
deposition rate of the dust load and the concentration of dust over southwest Iran between 2014 and 
2015. The model simulation results were combined with the GDRs and surface meteorological variables 
at 10 gauge sites. The results of the deposition rate for the three scenarios [S.I, S.II, and S.III] is 
discussed. S.III exhibited the highest amount of dust, whereas the minimum value was recorded over 
S.I and S.II.  
The analyses indicate that the WRF-Chem model adequately simulates the evolution and spatial 
distributions of the rate factor over the study area. Although this contribution demonstrates that the 
WRF-Chem model has significant potential to simulate dust storms, the results reveal decreasing 
amount of dust load from the southern to the northern points. This indicates a narrowing of the gap 
between the modeling results and GDR data. The dust concentration and dust load poorly represent 
the increase in dust particles when moving to lower altitudes or the increase in the dust resident time 
at high altitudes. The results provide useful guidance for early warnings systems and risk reduction of 
dust events under various environmental conditions.  
The strongest positive correlation between the WRF-Chem model results and GDR data was found for 
the concentration in the spring, with a correlation coefficient of 76% and p = 0.0123. Similarly, a strong 
correlation for the dust load in the winter (80%) was noted, with p = 0.004. This combination is an 
important data source and can be a relevant subject for studies in this field. In practice, however, unlike 
with corresponding observations from dust deposition rates (GDRs), the WRF-Chem results show 
decreases in the dust load and concentrations from the southwest [S.III] to the northwest [S.I] due to 
the model prediction of dust movement at higher altitudes; for example, the rate factor in [S.II] was 
higher and the rate factor in [S.I] was lower rate compared with the dust deposition rate captured from 
GDRs.  
The results from this study are consistent with those of previous reviews and show that physical 
characteristics and gradient distributions are not well known; therefore, a consistent effort is needed to 
improve our predictions. The capacity of the WRF-Chem to model dust based on GDRs over a study 
area suggests that future investigations can accurately predict GDRs from the prediction model. 
Therefore, GDR data can increase the accuracy of the estimations, whereas an appropriate algorithm 
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 Investigation of Aeolian Dust Deposition Rates in 
different Climate Zones  
Abstract 
Monitoring aeolian dust and improving our understanding of the factors influencing dust deposition is a 
key scientific challenge, as the changing climate might result in the formation of new/additional dust 
source regions. Therefore, the connections between climate zones in southwestern Iran and dust 
deposition rates have been investigated between 2014 and 2017 using the second modern-era 
retrospective analysis for research and applications (MERRA-II ) reanalysis tool in combination with 
aeolian ground deposition rates (GDR) in southwestern Iran. In addition, the surface meteorological 
records for the same period, including the wind patterns favoring the occurrence of dust events, were 
examined. Arid desert hot [BWh], arid steppe hot [BSh], and temperate hot and dry summer [Csa] 
climates are the three dominant climate regions with the highest average dust deposition rates in the 
research area. The regions of [BSh] and [Csa] were associated with the seasonal cycle of dust events 
in the months of March, April, and May during the study period, as the dominant meteorological 
conditions in the study area are responsible for the dust deposition rates. Simultaneously, the peak of 
the seasonal deposition rates (mg/cm2 /month) occurred in the [BWh, 0.84], [BSh, 0.66], and [Csa, 0.35] 
climate regions, which correspond to the gauge-sites [G10, G09, G08], [G01, G02, G07], and [G03, 
G04, G05, G06] respectively. The highest deposition rates of dust were detected throughout the year 
in the southern parts of the research area, with annual mean deposition rates (t/km2 /year) of 100.8 for 
[BWh], 79.27 for [BSh], and 39.6 for [Csa]. The knowledge gained on the dust deposition processes, 
together with feedback from the climate pattern, will provide insights into the records of data for 
developing new sources, deposition rates and their climate offsets. Since aeolian deposited rate are 
sensitive over climate zones, even suggesting that additional observation data from GDR on climate 
regimes might be performed to obtain precise information on dust plumes. 
 




Dislocating aeolian dust material over hundreds of years creates conceivable positive and negative 
feedback between the dust loads in the atmosphere and climate (Swap et al., 1992) that can be 
important for terrestrial systems. While positive feedback provides essential nutrients for plant growth 
that are contained in the fertilized terrestrial dust, and a series of wet years can trigger rapid 
revegetation of desert surfaces (Falkowski et al., 1998; Jickells et al., 2005), aeolian dust might also 
increase soil salinity (Popov, 1998), reduce the photosynthetic efficiency (Razakov and Kosnazarov, 
1996), depreciate air quality, and impair human health (Stone, 1999; O’hara et al., 2000; Wiggs et al., 
2003; Groll et al., 2013; Opp et al., 2017). On a global scale the aeolian dust transport cycle and dust 
loads are closely connected to climate variability and changes (Duce, 1995; Jouzel et al., 1996; AO, 
2001; Goudie, 2009; Huang et al., 2011) and have reciprocal effects (Ramanathan et al., 2005). On the 
one hand, variations in meteorological episodes have an influence on dust concentration (Dawson et 
al., 2014; Feng et al., 2016), and on the other hand, the amount of mineral dust suspended in the 
atmosphere influences the climate (Claiborn et al., 2000; Wei et al., 2004). One specific climate 
constellation, which favors dust emission are cold and dry conditions, like large parts of the northern 
hemisphere experienced during the Pleistocene (Idso et al., 1972, 1981; Penner et al., 1994; Sokolik 
and Toon, 1996; Muhs et al., 2014; von Holdt et al., 2019). Other studies put an emphasize on arid and 
semi-arid regions, where dust events originate with high frequencies throughout the year (Duce et al., 
1980; Tegen and Fung, 1994; Miller and Tegen, 1998; Léon and Legrand, 2003; Griffin et al., 2007), 
but the time of the intra-annual peak of the dust activity differs in from region to region (Furman, 2003). 
Furthermore, over the past century, the correlation between historical climate changes (mainly air 
temperature, aridity and wind speed) have been the subject of a wide range of studies (Katz and Brown, 
1992; Duce, 1995; Jouzel et al., 1996; Smalley et al., 2001; Prospero and Lamb, 2003; Trenberth et al., 
2007; Goudie, 2009; Huang et al., 2011; Lucas et al., 2014). Due to changes in environmental policies, 
aerosol concentration changes are expected to be the dominant responses to climate variations 
(Westervelt et al., 2016). Recent model simulations have concluded that the global average annual dust 
transported to higher altitudes (Kipling et al., 2016) will determine the impacts of the overall aeolian dust 
transport on ecosystems (McTainsh and Strong, 2007) with the most important effects on dust 
concentrations and source variability (Tegen and Miller, 1998). According to (Orlovsky et al., 2005), 
aeolian transport is controlled by the complex interaction of several atmospheric parameters and it is 
characterized by strong temporal and spatial dynamics. Related to atmospheric stability, aerosols can 
be transported over long distances to remote continents before they are removed from the atmosphere 
by dry and/or wet deposition (Peng et al., 2016), thus modifying growth and the atmospheric lifetimes 
of the particles. Therefore, the transport variability becomes increasingly important as the distance from 
the dust sources increases (Tegen and Miller, 1998). Even a slightly increased particle load (Tegen et 
al., 1997; Haywood and Boucher, 2000; Sokolik et al., 2001; Kim et al., 2008) can influence the Earth's 
climate by altering the global energy budget (Lambert et al., 2013; Allen et al., 2016). In other words, 
Mineral dust in the atmosphere influences the radiative balance by directly scattering and absorbing 
incoming solar radiation (Haywood et al., 2005) or indirectly changing the  optical properties of clouds 
(Fiedler et al., 2015). The scattering and absorption of incoming radiation impacts the lithosphere and 
hydrosphere in a variety of complex and interactive ways (Duce et al., 1980; Prospero, 1981; Pye, 
1987;). Therefore, changing optical properties (Levin et al., 1996; Wurzler et al., 2000) may possibly 
push the climate system toward warmer and wetter conditions (Maley, 1982; Martin and Gordon, 1988) 
or may serve to amplify sudden climate fluctuations (Prospero, 1999; Goudie and Middleton, 2001; 
Prospero and Lamb, 2003; Shinn et al., 2003). In addition, a multi-model climate study showed that 
climate change is associated with a negative impact of aeolian dust, which is explained by a decrease 
    
119 
in the large-scale precipitation over land in a warmer climate with less wet deposition, thus increasing 
aerosol lifetimes (Allen et al., 2016).  
  
 
Figure 7.1 Correlation between dust particle and climate factors 
As shown in Fig. 7.1, correlations between [A] annual dust emissions and wind speed, [B] annual dust 
emissions and precipitation, and [C] annual dust emissions and temperature over dust source regions in China 
and Mongolia from 1980 to 2015. Credit: Adapted  from (Song et al., 2017). 
*** Tg is the SI unit of mass equal to 1012 gram 
In particular, the burden of atmospheric aerosols depends on several factors, including emissions, 
chemistry and weather patterns (Jacob and Winner, 2009). However, for a more comprehensive 
discussion, global precipitation increases slightly due to enhanced evaporation from the oceans but 
there is considerable regional variability (Christensen et al., 2007). Precipitation increases in the 
northern parts of North America and Europe but decreases in the southern parts, it increases in northern 
Asia but decreases in the Middle East. Models agree in general that high latitudes will become wetter 
and subtropical latitudes drier (Christensen et al., 2007). 
Changing radiative balance can in turn alter regional winds and precipitation (Evan et al., 2016), 
accordingly dust emissions, transport, and deposition processes (Zender and Kwon, 2005; Evan et al., 
2016). For one thing, alter regional winds given the exposure of saline deposits combined with the hot 
and arid climate causes severe ecological problems from salt dust plumes (Prospero et al., 2002).  In 
either case, most studies to date have focused on the mechanisms of dust production, the dust load 
source regions, and the process of transportation (Prospero, 1981; Péwé and American Association for 
the Advancement of Science, 1981; Pye, 1987; Duce, 1995). According to Tegen and Fung (1994), the 
annual atmospheric dust load originating in Sahara Desert, the Arabian Peninsula, Central Asia, 
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Northern China, and Australia is estimated at more than 200 million tons. This much concentration 
impact the air quality (Griffin et al., 2007) and the global climate (Swap et al., 1992; Moulin et al., 1997; 
Prospero, 1999; Tucker and Nicholson, 1999; Goudie and Middleton, 2001; Prospero and Lamb, 2003). 
Within the Middle East, as one of the regions most affected by dust (Furman, 2003), the Arabian 
Peninsula is one of the major dust sources (Barkan et al., 2004), ranking in the global top five of the 
most significant dust source regions (Goudie and Middleton, 2001; Rezazadeh et al. 2013). With this in 
mind, few studies on aeolian dust in Iran have been conducted.  
Table 7.1 A few studies on aeolian dust in Iran 
Reference  Method Period Area  
Rezazadeh et al. (2013) Analyzing the surface 
meteorological records 
1998 – 2003 Middle East 
Bayat et al., (2013) Data recorded by a 
polarized sun-photometer 
Feb 2010 - Dec 2012 Zanjan  
36° 70′ N and  48° 51′ E 
Masoumi et al., (2013) Data recorded by a 
polarized sun-photometer 
Oct 2006 - Oct 2008 
Jan 2010 - Sep 2010 
Zanjan 
36° 70′ N and  48° 51′ E 
Khoshsima et al., (2014) Data recorded by a 
polarized sun-photometer 
Dec 2009 - Oct 2010 Zanjan 
36° 70′ N and  48° 51′ E 
Maleki et al., (2016) Pm10 Pm2.5 2009 – 2014 Ahwaz  
31° 32′ N and 48° 68′ E 
Doabi et al., (2017) Ground Deposition Rate 
-Surface area of 800 cm2 
-Opening on top 
Mar 2013 to Aug 
2013 
Kermanshah 
33° 40′ N and 45° 24′ E 
 
Rashki et al., (2017) IRIMO Dataset 1990–2013 Kerman, Sistan Baluchistan 
 
Norouzi et al., (2017)  
 
Ground Deposition Rate 
-Surface area of 1 m2 
-Opening on top 
Jun 2012 - May 2013 Esfahan: 4,500 km2  
Central Plateau  
32° 26 N and 51° 30E 
 
As illustrated in Table 7.1, the first contribution attempted to determine the climatology of dust events 
in four sub-regions of the Middle East based on the maximum mean dust concentration and the 
seasonality of dust events. Rezazadeh et al. (2013) suggested that major sources of dust in the Middle 
East can be identified by analyzing the surface meteorological records at each station which is retrieved 
as: DE = DIS + BD + DS + SDS 
They used synoptic records of land surface observations from 1998 to 2003. Thus, the study area has 
been classified into four regions (Shao and Dong, 2006), based on the maximum number of dust events 
(DE) under conditions of : 
 DIS: widespread dust in suspension, not raised at or near the station at the time of observation; 
visibility is usually not greater than 10 km  
 BD: raised dust or sand at the time of observation, reducing visibility to 1 to 10 km 
 DS: winds lift large quantities of dust particles, reducing visibility to between 200 and 1000m 
 SDS: Severe Dust Storm: very strong winds lift large quantities of dust particles, reducing 
visibility to less than 200 m 
 
In addition to draw dust concentration in the atmosphere, deposition rate is also comparatively essential 
point to identify aeolian activity and environmental quality (Simonson, 1995; Lin and Feng, 2015; Varga 
et al., 2016). Besides, deposition has been measured directly at only a few sites (Tab 7.2); therefore, 
reliable dust deposition data are lacking around the world (Pye, 1987b; Prospero, 1999; Mahowald et 
al., 2008; Zhang et al., 2010; Huneeus et al., 2010; Shao et al., 2011). 
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Despite the existence of many studies about examining dust concentrations (Maleki et al., 2016; Rashki 
et al., 2017), mineralogy and chemical composition of dust (Doabi et al. 2017; Norouzi et al. 2017) via 
different techniques in western and southwestern Iran, the connection between ground deposition rates 
and climate patterns have hardly been utilized as a data source in this region. 
Table 7.2 Observation of dust deposition  
Location Period Deposition rate (t/km2/yr) References  
Israel 1968–1973 57–217 (Yaalon and Ganor, 1975)  
Kuwait 1982 2600 (Khalaf and Al-Hashash, 1983)  
Saudi Arabia 1991–1992 4704 (Modaihsh, 1997)  
Lanzhou, China 1988–1991 108 Derbyshire et al. (1998)  
Urumqi, China 1981–2004 284.5 (Zhang et al., 2010)  
Iran 2008-2009 72–120 (Hojati et al., 2012)  
Uzbekistan 2003–2010 8365 (Groll et al., 2013)  
 
By doing so here, this study provides new and valuable insights into the spatial and temporal dynamics 
of the dust cycle in southwestern Iran. Detailed meteorological data and GDR datasets from ten stations 
in southwestern Iran were analyzed for the period from 2014 to 2017 in order to assess the spatial and 
temporal distribution and seasonality of the dust deposition rates. These ten stations represent five 
main climate categories based on the Köppen-Geiger classification system (Beck et al. 2018).  
The main objectives of this study were: [1] to investigate the spatial and temporal variability of dust 
deposition rates in the study area; [2] to determine the seasonal and spatial variability of the dust 
deposition rate in relation to the climate zones; and [3] to identify the correlation of the most relevant 
climate patterns and the weather parameters for the deposition rate. Analyzing the seasonal and spatial 
variability of the dust activity in different climate zones is important not only for managing the impact of 
aeolian dust but also for developing proper LULC (land use land cover) strategies in order to mitigate 
the potential future dust impacts. And as climate change will also affect the spatial distribution of the 
climate zones, this analysis might also contribute to the estimation of future dust sources and the overall 
future dust activity in southwestern Iran and the Middle East, as long as the ground deposition rate 
remains the main factor for determining deposition trends. 
7.2 Material and method   
To understand the impact of the climate region on the deposition rates in southwestern Iran, dusty days 
are defined as days with at least one report of a dust event. In addition to this, the ground-based 
deposition rate was also recorded and classified in 4 climate zones present in the study area. Data 
used for this study includes monthly average of the ground deposition rate (GDR), the wind speed and 
direction (northward and eastward wind), precipitation and temperature during the measuring period 
from 2014 to 2017. In order to evaluate the correlation between the deposition rates and the climate 
zones, the results from the ten dust sampling sites were reclassified using climate gradients. The rate 
distinguished with seasonal variation responses to the regional climate provided using the MERRA-II  
model output with comparable accuracy. By applying this relationship, the high temporal (model output) 
and seasonal rate (from GDR), the spatio-temporal pattern of the dust deposition rate over different 
climate zones revealed the probable uncertainty of the deposition rate.  
7.3 Results and discussion  
The detailed description of dust deposition rate data and analyze their connections with weather pattern  






Figure 7.2 Ground deposition rates (mg/cm2) from sites G01 to G10 in three climate zones  
 
    
123 
Figure 7.2 shows the seasonal deposition rate in study region.  In given time, the high deposition rate 
is found over [BWh], whereas the minimum rate is noted over [Csa]. So [BWh] > [BSh] > [Csa] are 
where the rate deposited over climate zones in descending order. In 2014 however ground deposition 
rate is observed over [BSh] > [BWh] > [Csa]. The spatial distribution of GDR was calculated using the 
seasonal average of the rate per climate zone. In the first place, summer deposition rate over [BWh] 
was higher in the 2014 and 2017, and stayed level with the rate of deposition in spring 2015. Compared 
to spring, the rate value is slightly decreased in summer of 2016.  
Over [Bsh], GDR is recorded the maximum rate in summer [2015, 2016] and spring [2014, 2017], 
followed by winter and fall. After all, the spring deposition rate with low fluctuation is found over [Csa] 
in 2015, 2016 and 2017, but in summer 2014 with an exception, [Csa] is witness of high deposition rate. 
After all, due to specific role of the local, regional topography and meteorological pattern are mainly 
related to controlling the dust deposition rate, it is not surprising that the results of this contribution 
indicate a non-uniform seasonal deposition trend as is shown in Figure 7.2 
 
 
Figure 7.3 Overall seasonal deposition rate (mg/cm2) in the study area 
Monthly variations and trends in averages for high values are analyzed to understand the changes in the 
types of deposition rates in the study area 
In spring and summer, while the seasonal maximum deposition rate compare favorably to observed 
value over different climate zones, the minimum rate over [BWh], [Bsh], and [Csa] were occurred in fall 
and winter. A more detail from Figure 7.3 illustrates that the dust deposition reached its maximum value 
in spring and summer over the [BWh], [Bsh], and [Csa]. The peaked percentage of deposition rate, with 
35%, 28%, and 30% of the annual deposition are accumulated during spring. In summer further, the 







This seasonal contribution rate is in-line with findings from studies in eastern Iran and western 
Afghanistan (Rashki et al., 2017; Abbasi et al., 2018), as well as with previous studies in Khuzestan 
(Alizadeh Choobari et al., 2013; Rashki et al., 2013). Ta et al. (2004) also presented similar results for 
the Gansu Province and the Gobi Desert (China), where the highest deposition rates were registered 
during spring (32.51%), and the lowest values in the fall. A study in Shuwaikh city (Al-Harbi, 2015) 
further showed a similar pattern of monthly deposition rates in summer (July and August, 2009). 
Conversely, western Taiwan (Lin et al., 2018) and, Northwest Spain (Oduber et al., 2019), observed 
evidence of unusual winter dust. Although during fall and winter, the rate of maximum deposition is not 
very frequent and doesn’t reach in northern Kuwait, the investigated seasonal deposition rate (Al-
Dousari and Al-Awadhi, 2012) revealed a maximum quantity in late winter (January), and fall 
(November). During the sampling period, the correlation coefficients obtained between the 
meteorological parameters (such as the wind direction, precipitation and relative temperature) and the 
GDR values are demonstrated in Figures 7.4 to 7.7, and are identified as the major factors affecting 
GDR in different seasons. Ultimately, correlation values of 62%, -28%, and 36% were indicated with 
statistical significance (p < 0.05) for the connections between the deposition rate and the temperature, 
wind, and precipitation, respectively. Given these results, a high GDR was observed in areas with high 
temperature, low precipitation and an around zero vertical pressure velocity (VPV). This result is 
supported by findings from Reheis and Kihl (1995), who showed the major effects of decreasing rainfall 
on the dust deposition rates.  
 
Figure 7.4 Correlation of surface temperature against the aeolian deposition rate 
In the given plot of correlation (Fig. 7.4), the positive and statistically significant correlations were 
detected from the deposition rate to temperature (R=62%, p<0.01). Discrimination of the relative 
variation in GDR of the aeolian dust is also evident in the observed trends of minimum and maximum 
temperatures and precipitation over the zonal surface. The correlation coefficient and relative RMSE 
between the dust deposition and maximum temperatures are 62% and 9.48, respectively. In spite of 
the variation of temperature caused by climate variability, statistically significant positive trends are 
identified. which may be consistent with results of Groll et al., (2013) who found that increase the dust 
deposition fluxes considerably for the correlation ( R=53%) between the average monthly air 
temperature and the monthly dust deposition. Additionally this study is, thus, in accordance with the 
results of Alizadeh-Choobari and Najafi, (2018) who found that a rise in temperature is associated with 
a decrease in total annual precipitation. Higher temperatures are generally associated with lower 
precipitation amounts and vice versa. This observation is expected because the [BWh] and [Csa] 
regions are associated with more sunshine and less evaporative cooling.   
    
125 
As Fig. 7.5 illustrates, a statistically significant negative correlation exists between the monthly 
deposition rate and monthly precipitation (R=-0.48%, p<0.01) due to the dry deposition rate being 
minimized in the same period with precipitation (Shao and Lu, 2000). This phenomenon may respond 
to the dry and wet deposition rate when delivered back to the surface through rain or by gravity.  
 
Figure 7.5 Correlation of precipitation against the aeolian deposition rate 
The correlation analysis suggests that a strong negative correlation exists between the deposition rate 
and precipitation over the climate zone, with a correlation coefficient of -0.28 (statistically significant at 
the 0.01 level) and an RMS of 10.58. In other words, higher precipitation is generally associated with 
lower deposition amounts and vice versa. This relationship is expected because the [BWh] regions are 
associated with less precipitation in comparison with [Csa] and [Bsh]. The average annual precipitation 
varies from more than 35 mm per month at high-altitude (45.90E 33.00N) to less than 10 mm in the arid 
zone (47.60E 29.97N). This study justified the lowest dust rate collection amounts for the fall and winter 
seasons and the highest being recorded in the spring and summer. This finding is consistent with the 
finding of a previous contribution in that dry deposition does not occur simultaneously with rainfall (Shao 
and Lu, 2000; Shao and Wang, 2003).  
Table 7.3 illustrates the average seasonal deposition rate out into three climate regions related to the 
wind velocity which can be interpreted as follow: 1. [BWh] correspond to the case with eastward wind 
speed (v ≤ 3.0 m/s), witnessed  the maximum rates of deposition revealed  by GDR (34.5 t/km2) and 
model-output (6.2 t/km2). 2. [BSh] related to the westward wind speed (v ≤ 2.5 m/s) with the average 
deposition rate observed from GDR (24.9 t/km2) and model-output (3.3 t/km2). 3. [Csa] correspond to 
the case with eastward and westward wind speed (v ≤ 3.4 m/s) that is characterized by the lower dust 
portion when compared to [BWh] and [BSh]. As can be seen wind velocity correlated well with the 
seasonal  observed deposition rates.  
The considerable contributions are determined the entrainment threshold for different soil texture 
classification (Gillette et al., 1980; Helgren and Prospero, 1987; Belnap et al., 2007), as reviewed by  
Webb et al., (2016). However,  Gillette, (1988) classified wind velocity to find out in which term particles 
will be set in motion. Threshold velocities for agricultural soils also were measured for a wide variety of 
conditions in order to quantify a model of dust emissions for the United States (Gillette, 1988). Moreover, 
Webb et al., (2016) evaluates threshold wind velocity dynamics to figure out the characteristics of 
threshold dynamics relative to sediment transportation.
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Table 7.3 Classified the average seasonal  deposition rate on the basis of wind pattern  
Criteria               Seasonal Deposition Rates         Wind velocity 
Climate Seasons  
GDR  
t/ km2 
Model output  
t/ km2 







Winter 18.9 4.8 25.8% 2.3 WNW 
Spring 28.5 6.2 15.5% 2.9 WNW 
Summer 34.5 6.1 10.7% 3.0 WNW 
Fall 18 4 25.4% 2.0 SE-NW 
Bsh 
Winter 15.6 2.4 18.5% 2.3 SE 
Spring 24.9 4.7 16.0% 2.5 ESE 
Summer 22.2 3.3 9.7% 2.5 ESE 
Fall 16.2 3.3 31.8% 1.8 SE 
Csa 
Winter 9.3 1.2 27.2% 2.0 SE-E 
Spring 12.3 3.2 26.4% 2.3 W-E 
Summer 12.3 3.6 10.0% 3.4 WNW 
Fall 6.6 2.4 28.9% 1.9 SE 
 
The comparison between the model-output and GDR were carried out for the given time and the corresponding 
wind velocity near the surface. These data indicates that the agreement between model output and GDR 
ranges. A consistency index of wind speed (2.0< v <3.5 m/s), westward wind direction, and minimum peak 
percentage of calm event are found for three climate zones. 
 
The threshold velocity however, could vary widely from place to place and time to time (Helgren and 
Prospero, 1987) due to soil properties and aerodynamic of surface can be quite variable (Gillette et al., 
1980). On the on hand, the intensity of dust was calculated using combination of visibility and wind 
speed (Hoffmann et al., 2008). Ta et al., (2004) suggested that the total suspended particles (TSP) 
concentration increased with increasing wind speed.  Meanwhile, contribution over Northeast Asian 
Dust (Song et al., 2007) identified wind velocity of 5 to 10 m/s on TSP ( <500 µg/m3 ) and decreased 
visibility (2000 meters). On the other hand, an attempt was made to find the threshold friction velocity 
using temporal variability of particle size distribution and wind speed. Threshold friction velocity for local 
dust emission was identified between 0.6 m/s and 0.65 m/s Fine dust particles smaller than 10 μm 
however, were only deposited by gravitation when the horizontal wind speed was lower than 0.15 m/s 
(Hoffmann et al., 2008).  Our results are also in agreement with a finding from Hoffmann et al., (2008) 
where, significant deposition is occurred through gravitation when the wind speed is usually weak (Fig. 
7.6). 
Finally, wind threshold is also comparatively essential point to identify aeolian activity and 
environmental quality. The previous result from study over Asian dust storm realized dust event on the 
basis of Total Suspended dust Particulate maters (TSP) in combination with the visibility and wind speed 
(Hoffmann et al., 2008). He suggested wind threshold of 17 m/s  which can be decreased visibility to 
1000 meters on the basis of TSP less than 2000 µg/m3. Meanwhile, (Song et al., 2007) identified wind 
threshold of 5 to 10 m/s on TSP ( <500 µg/m3 ) and visibility (2000 meters) from study over Northeast 
Asian Dust. In addition to wind thresholds arguments, our results are also in agreement with a finding 
from (Ta et al., 2004), where the reported eastward and southward wind speeds varied from 1 to 6 m/s 
during dust events. 
 
 
    
127 
 
Figure 7.6 Correlation of wind velocity against the aeolian deposition rate; A. Eastward; B. Northward 
According to the correlation plot in Figure 7.6, the wind speed is usually weak, so during the 90% dust 
deposition rate, the wind speed is less than 1.4 m/s. Traveling away from the surface produces a vertical 
velocity with units of length per second that are almost positive.  
 
Figure 7.7 Correlation of Vertical pressure velocity against the aeolian deposition rate 
Thus, negative and statistically significant correlations were expected from the deposition rate to wind 
vertical pressure velocity (-42%, p<0.01). Lower values in the pressure’s vertical velocity led more 
particles to deposition (Fig. 7.7). In accordance with the correlation plot from this contribution, the dust-
in-suspension and deposition rate events do not require wind speeds. The vertical profiles of the 
monsoon, Shamal and Levar winds are especially important for the dust accumulation (Rashki et al., 
2019). In the following, we examine the typical weather pattern for the study area relative to deposition 
rate as seen in Table 7.3 The table shows the minimum, maximum, average and standard value of 
temperature, precipitation and GDR in the regions [BWh], [Bsh], and [Csa] from 2014 to 2017. 
Specifically, the correlation between the weather pattern and the main parameter of the climate zone 
(Geiger and Cooper, 2010) indicate that high temperatures, precipitation, and the direction of the wind 
are the strongest factors underlying the classification zone. With this assumption in mind, the high dust 
deposition rate in the spring (mg/cm2) ranges from 1.6 to 2.1 with a mean value of 1.8 per month in the 
[BWh] zone. The mean deposition rate value of 1.0 mg/cm2, recorded for the [BSh] zone, is also 
considerably high. The lowest amounts of dust deposition with an almost zero value are recorded for 
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the [Csa] region. Again, the seasonal variations in dust deposition rates and their different climate zone 
responses to wind and precipitation are, in some cases, relatively weak, and the wind speed can reach 
10 m/s. At such wind speeds, dust-in-suspension predominantly occurs (Song et al., 2007; Hoffmann 
et al., 2008). In region [BWh], the vertical pressure velocity is relatively weak and can reach less than 
0.01 Pa/s. Under such wind pressure (minimum vertical speed) values, dust-in-suspension occurs and 
is in accordance with a previous review’s (Trenberth et al., 2007; Zhang et al., 2014; Shao, 2008) 
deposition that reached maximum rate. Higher temperatures have also led to droughts in the subtropical 
dry zones of warmer climates (Previdi and Liepert, 2007; Lucas et al., 2014; Alizadeh-Choobari and 
Najafi, 2018). 
Table 7.4 Typical climate patterns relative to the deposition rate    
Classification  BWh ( G10, G09, G08) Bsh ( G07, G01, G02) Csa (G06, G05, G04, G03) 




















Means 29.6 14,1 8.4 24.5 40,20 6.6 18.6 42.00 3.5 
Std 11.60 13,0 3.6 12.20 33,30 3.4 13.80 34,00 2.3 
Max 55 43 21 55 116 26 52 107 10 
Min 5 null - 3 null - -6 null - 
 
In summary, the contributions from the climate pattern, and the classification of the three zones for 
temperature and precipitation, have been articulated. On average, the annual minimum precipitation 
(13.75 mm) and temperature (37.30 ⁰C) occurred for BWh at latitudes between 30N and 32N. 
Meanwhile, the minimum average temperature magnitude belonged to BSh, with the 32N to 33N 
monthly precipitation value (21.58 mm) increasing above 70%. Additionally, the third climate boundary 
from 33N-34.5N implied the maximum monthly precipitation (33.52 mm) on average but a high 
temperature. These results might arguably be considered as some of the positive consequences of the 
high deposition rate due to its higher quantities in the arid and desert zones (Al-Dousari and Al-Awadhi, 
2012; Al-Harbi, 2015). In accordance with Trenberth, (2011) and Tao et al., (2012) the increasing air 
temperature have led to greater evaporation and drying of the surface and to decreases in precipitation. 
To evaluate the result from GDR, a comparison was made between MERRA-II and GDR across the 
research area during the period of high seasonal rate. Although those physical processes from the air 
to surface are complex and are dependent on the dust concentration, some results shows where the 
higher the dust concentration is, the higher the dust deposition will be (Slinn and Slinn, 1980; Wesely 
and Hicks, 2000; Petroff et al., 2008; Zhang et al., 2014). However, small changes in the statistical 
distributions can lead to pronounced changes in the incidence of extremes (Katz and Brown, 1992; 
Schär et al., 2004), as evidenced by the observed trends of the minimum and maximum deposition 
rates from ground surveying over the climate zonal surface since 2014.  
With these suggestion in mind, the aeolian gradient from the MERRA II against the ground deposition 
rate was taken into account, and a positive and statistically significant correlation and relatively low 
RMSE (r = 67%, RMSE = 0.091) were identified in 2014 between MERRA-II and GDR, which is provided 
at the p<0.01 probability level. Equally important in 2015, there was a significant correlation, with r 
(65%), RMSE= 0.01, p <0.01, for GDR and MERRA-II. Although the same significance correlation (r = 
66%, RMSE = 0.102) were obtained for 2016, positive and statistically significant correlations were 
detected in 2017 from MERRA-II and GDR data (r = 74%, RMSE = 0.08) at the p<0.05 probability level.  
A comparison of the deposition rates in the climate zones during the study period indicate that dust 
concentrations in the atmosphere can represent the dust deposition rate factors (Shao and Lu, 2000; 
Zhang et al., 2014). In accordance with Shao and Wang, (2003), the deposition rate affected by climate 
factors; specifically, the high aeolian deposition rate is in accordance with evidence from subtropical 
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dry zones (Previdi and Liepert, 2007). The results obtained from the correlation are consistent with 
those of (Shao and Wang, 2003; Rezazadeh et al., 2013; Opp et al., 2017), which show that region 
[BWh] had the highest annual deposition rate (25 g/m2). Region [Bsh] showed that the influence of the 
climate pattern had a lower deposition rate (16 g/m2). Obviously, region [Csa], with a much lower 
deposition of 10 g/m2, is likely very different from other regions that are influenced by [BWh] and [BSh] 
(southwest and west). In addition to these findings, the highest magnitudes of the dust deposition rate 
in the study region are identified in the order of BWh>BSh>Csa during the research period.  
  
  
Figure 7.8 Mapping high seasonal deposition rates over climate zones 
*Deposition rates from MERRA-II  and GDR 
7.4 Conclusions and remarks 
In order to better understand the role of aeolian dust in the climate system and its impacts on air quality, 
significant efforts have been realized to increase both space- and ground-based observations. This 
study focuses on the enhancement of dust deposition rates over the southwestern part of Iran (45° 30′ 
00″, 49° 30′ 00″ E and 30° 00′ 00″, 35° 00′ 00″N). The ground deposition rate and geophysical variation 
in the dust event frequency, including the mass and weight compositions, have been thoroughly 
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measured. Many of the links between the dust deposition and climate pattern, although perfectly 
reasonable from a conceptual ground survey standpoint, have been quantitatively assessed for the 
GDR and the MERRA-II  model. The annual mean deposition rates are 100.80 t/km2/year for [BWh], 
77.27 for [BSh], and 39.60 for [Csa]. 
The total annual dust deposition is inversely related to the total annual precipitation and was in a positive 
correlation with the annual temperature. Precipitation and temperature, as two of main factors in the 
climate zone, have a widespread, major influence on the rates of the dust deposition in the study area. 
However, dust-in-suspension and the deposition rate do not require wind speeds, which was reinforced 
by result from the correlation coefficient between the dust-in-suspension level and deposition rate. 
Finally, the knowledge gained on the processes responsible for the dust deposition rate, together with 
feedback from the climate pattern, will provide insights into the records of data for deposition rates and 
their climate offsets. Future studies should be performed to obtain precise information on dust plumes 
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 Conclusion and Recommendation 
8.1 Introduction  
In this thesis, aeolian dust passive sample rates were analyzed to retrieve data on three main goals. 
Therefore, significant conclusion for the thesis will be adjusted from dust deposition rates between 2014 
and 2017. According to the first objective fields measurements are used for detecting the spatial and 
temporal variability of dust deposition rates in the study area. The next objective is linked to the results 
from the correlation analysis techniques combined with an element concentrations classification based 
on airborne metal regulations (AMR) in order to discriminate chemical gradients through identical 
events. The last part is allied to results related to the third objective. Data from a model analysis 
(MERRA-II) was compared with ground observation for dust deposition rates (GDRs) to understand 
both the spatio-temporal pattern of dust distribution and the variability of dust deposition rates in relation 
to climate zones.  
A statistically significant variations observed in seasonal GDRs values appear to be in response to 
changes in meteorological parameters and climate zone. The maximum range of 85.11–88.44 t/km2 
/month for the dust deposited in spring and summer season might be attributed to the prevailing west 
to east and south to north dusty winds when the temperature is also high. Higher rainfall and relative 
humidity as well as cultivated vegetation tend to suppress dust flux in wet and cold seasons with the 
minimum dust flux of 53.34 t/km2 /month in the fall and winter. The spatial pattern of annual GDR further 
with a mean value (t/km2/year)  of 68.72-94.38 within the south against 45.23-73.89 within the west 
showed that dust particles are deposited more in the southern part  of the study area where uncover 
and barren desert lands are located. 
Seasonal variations were observed in the concentrations of most dust-borne elements, with the lowest 
observed in the summer and fall and the highest in the winter and spring. All the elements investigated, 
exhibited higher concentrations in the dust samples (Ba, Cd, Ni, Zn, Al, and Na within the south  Cu, 
Cr, Co, Ni, Zn, K, Al, Si, and Sr  within the west) than average values. The spatial distribution of dust-
borne further, Mn, Ni, Al, and Zn followed identical patterns. 
8.2 Conclusions 
This study focuses on the enhancement of dust deposition rates over the southwestern part of Iran (30° 
00′ 00″ and 35° 00′ 00″N, 45° 30′ 00″ and 49° 30′ 00″ E). Both the ground deposition and the dust event 
frequency have been well measured. Conclusions allied to the first objective also identified and 
analyzed dust load and dust distribution correlated with GDR.  In the first place, the composite product 
data from the MODIS and MISR on Terra has been addressed. Under the four layer conditions of 
aerosol thickness: Clean [1], Thin [2], Thick [3] and Strong Thick [4], the standard MODIS aerosol 
products were applied at regional scales to monitor dust distributions and transports direction. However, 
the 1.0 degree and even the 0.5 degree spatial resolution data are insufficient to depict the deposition 
rate at local scales due to inherent dust variabilities, as well as the complexity of the land surfaces. 
Afterward, the results from MODIS and MISR were compared. The study area divided by three 
geographical parts , and gauge sties classified within three parts. The first part [a], covered G01, G02, 
G03, and G04. The second part however enclosed G05, and G06 as [b]. The last part [c] assigned to 
G07, G08, G09, and G10. The findings suggested that, when the part [a], [b], and [c] are affected by a 
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number of dust events, in comparison with MISR,  MODIS showed the better performance overall.  But 
many differences in monthly AOT variation have been observed during spring and summer, when the 
seasonal load and concentration have been compared with GDR. The comparison of MODIS AOT with 
GDR over the study area shows a good agreement and approximately 65% of GDR falls within AOT 
limitations with uncertainty.   
The HYSPLIT model output further was run for ending point location in each of the three parts [a], [b], 
and [c] back to the 4 days trajectories that influenced the observed AOT spatial distribution and transport 
direction. The model output confirmed that, the dust belt stretches from the Sahara desert in Africa to 
the East Asia, conquered southwestern Iran which is being recognized as one of the global hotspots of 
aeolian dust through southwest of Iran including Kermanshah, Lorestan, and Khuzestan provinces.  
The results from this contribution were also capable of tracking dust events rather than monitoring the 
local and regional deposition rate. The measurement values of the 3rd [3] and 4th [4] layers were 
apparently higher in part [c] and part [a]. Therefore, the mountainous characteristics of part [b] and its 
geographical characteristics should be considered as an important factor when attempting to 
discriminate separate layers of aeolian dust from other layers of aerosols. In general, AOT retrieval can 
represent the strong seasonal and geographical variations in the dust deposition rates and their regional 
distribution. However, the possibilities to further our knowledge of dust deposition rates and frequencies 
in a high spatio-temporal resolution are limited so significant uncertainties remain, due to the 
methodological limitations of these remote sensing approaches. Finally yet importantly, concluded the 
essentiality of ground observation methods. Although high spatial resolution products with a 
chronological record are suitable basics for the improvement of dust deposition analyses and 
ecosystem effect assessments, ground surveys are still a key point for analyzing airborne deposition. 
However, deposition rate based on space model algorithms (AOT) remain the method of choice, even 
though they are relatively complicated and less accurate than ground observations (GDR), due to the 
lack of continuous atmospheric data at required scale over the area of interest.  
Associated with the second key objective, the sites receiving dust deposition were classified into broad 
categories based on natural and anthropogenic features. The element concentration analysis is carried 
out with the help of an Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) for 20 elements. 
Geometric values for each element in the southern part (n=50) and the western part (n=50) of the study 
area were compared. Specifically, positive, zero and negative correlations among elements and the 
physical parameters of dust samples adjacent to the four matrices of Airborne Metals Regulations are 
observed. This study comprises a perfect complement to the lessons learned from (Larssen and 
Carmichael 2000; Muhs and Benedict 2006) in finding dust sources by using texture similarities in dust 
accumulation in the area of research (G01 to G02; G09 to G10). At the same time, correlations from 
atmospheric reports and dust event frequency (DEF) can prove that the highest proportion of dust 
subjected to Airborne Metals Regulations associated with dominant sources (DS) are formed at local 
and regional scales rather than globally. Their hot spot areas were mainly associated with high 
anthropogenic activities in the western and southwestern parts of the study area. Dust-borne Cu, Cd, 
Ni, and As showed the same spatial distribution within western and northern areas where some 
industrial plants are located. The hot spot area for Ba, Cd, and Na in the dust samples was found to be 
within the south part, while Ni, Zn, Mn and Al showed a uniform spatial distribution throughout the study 
area. Based on the AMR values for all the elements in all the four seasons, anthropogenic source   such 
as oil combustion, vegetiative burning, iron and steel industry , power plants, and petroleum refinery, 
contribute a substantial amount of elements to dust particulates. Moreover, contamination classes 
based on the values of AMR in the winter season showed that atmospheric dust is significantly to very 
high contaminated with elements including Ni, As, Cr, Cd, and Na within the south and Cu, Sr, Co, K, 
Al within the west. The dust deposition rate across the study area was found to be higher in the spring 
and summer than in the other seasons of the year. However, summer dust appeared to be less harmful 
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and polluted due to the low concentrations of toxic metals. Winter, in contrast, was found to be the most 
problematic season with potential negative health effects because the maximum toxic metal content 
occurs in this season. To summarize, weathering combined with anthropogenic change influences the 
composition of dust transport from the source region to the local deposition; however, this composition 
cannot be easily controlled. Although in some cases a severity in correlation without a resulting change 
in the value of the element composition has been observed, elemental correlations of individual 
matrices are nonetheless the marked effects of dominant sources.  
Conclusions from the final contribution (third key objective) focus on the enhancement of dust 
deposition rates. In order to better understand the role of aeolian dust in the climate system and its 
impacts on air quality, significant efforts have been realized to increase both space- and ground-based 
observations. The ground deposition rate and geophysical variation in the dust event frequency, 
including the mass and weight compositions, have been thoroughly measured. Many of the links 
between the dust deposition and climate pattern, although perfectly reasonable from a conceptual 
ground survey standpoint, have been quantitatively assessed for the GDR and the MERRA-2 model. 
Arid desert hot [BWh], arid steppe hot [BSh], and temperate hot and dry summer [Csa] climates are the 
three dominant climate regions with the highest average dust deposition rates in the research area. The 
total annual dust deposition is inversely related to the total annual precipitation and was in a positive 
correlation with the annual temperature. The annual mean deposition rates are 96.21 t/km2/yr for [BWh], 
77.67 t/km2/yr for [BSh], and 39.18 t/km2/yr for [Csa]. Thus, precipitation and temperature, as two main 
factors in the climate zone, have a widespread, major influence on the rates of the dust deposition in 
the study area. 
Finally, the knowledge gained on the processes responsible for the dust deposition rate, together with 
feedback from the climate pattern, will provide insights into the responses of deposition rates and their 
climate offsets. The findings of this study improve the understanding of the influence of climate on 
changes in the arid dust deposition rate in the study area. Given this point, the dust deposition rate and 
atmospheric concentration of dust, which has been assumed homogeneous, were considered 
heterogeneous within this study. Ultimately, there is no way to isolate each environment from the effects 
of exposure to dust  due to all regions are likely to experience the adverse effect of deposition rates. 
8.3 Limitations and recommendation  
Results from this study, even from literature review show, that physical characteristics, and gradient 
distribution, are not well known globally in most of the case studies. Therefore, consistent efforts need 
to improve our predictions. Since aeolian deposition rates are sensitive over climate zones, even 
suggesting that additional observation data from GDR on climate regimes might be performed to obtain 
precise information on dust plumes. 
Calculating ground deposition rates from AOT retrieval (load and concentration) it is still undefined. This 
may be due to the fact that AOT represents an integrated measurement of atmospheric dust and 
geographically uneven distributions over the each areas. Therefore, combining remote sensing and 
ground observation is, in many cases, vital to estimate real-world effects of dust on the sink regions.  
Thus, finding an appropriate program would be essential to estimate real-world effects in many cases. 
The development of ground surveying algorithms is necessary to make the estimations of the deposition 
rate more accurate. The current detection algorithms could be modified based on the technology of 
machine learning from physical characteristics, spatial and temporal distribution. So, developing 
guidance on the priorities of expanding projects and preventative actions towards potential dust 
deposition from natural and dominant sources might be next subject of institutional interest.   
Although anthropogenic sources release constant amounts of metals throughout the year, differences 
in meteorological conditions in the study area were found to lead to differences in pollution levels during 
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different seasons of the year. Therefore, to reduce the harmful effects of  aeolin over  the area, it is 
essential to implement appropriate measures to reduce the concentration of heavy metals in dust. This 
has to be done more seriously in the wintertime when stable and cold air do not allow the rapid 
movement of polluted atmosphere to the neighboring areas. 
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Appendix I 
ICP MS Result ug / g  
G01 Max Min Median Std 
BE  4.46 2.64 3.47 0.69 
Na  123.64 70.79 99.72 15.66 
Mg  64.33 32.90 51.51 11.49 
Al  13.64 5.19 8.84 2.73 
Si  31.15 21.21 27.32 3.26 
K  1440.07 530.24 904.00 305.03 
Ca  0.30 0.17 0.23 0.05 
V  0.53 0.17 0.31 0.12 
Cr  2.77 1.55 2.27 0.30 
Mn  147.69 77.84 102.86 19.71 
Fe  0.10 0.05 0.08 0.02 
Co  0.78 0.32 0.57 0.16 
Ni  0.30 0.09 0.20 0.07 
Cu  3.37 0.01 1.19 1.04 
Zn  0.05 0.00 0.02 0.02 
As  0.00 0.00 0.00 0.00 
Se  25.93 12.72 19.71 4.01 
Sr  0.00 0.00 0.00 0.00 
Cd  0.68 0.25 0.45 0.12 
Ba  0.10 0.05 0.08 0.01 
Pb  0.00 0.00 0.00 0.00 
 
ICP MS Result ug / g 
G02 Max Min Median Std 
BE  4.57 2.84 3.50 0.54 
Na  124.74 65.19 92.95 20.42 
Mg  61.67 32.75 51.71 9.61 
Al  13.90 3.64 8.99 3.42 
Si  29.67 17.69 24.78 4.05 
K  1367.19 593.73 1051.02 224.32 
Ca  0.30 0.16 0.23 0.05 
V  0.65 0.18 0.41 0.15 
Cr  2.75 1.49 2.13 0.33 
Mn  145.64 75.76 106.16 22.69 
Fe  0.10 0.05 0.08 0.01 
Co  0.74 0.37 0.58 0.12 
Ni  0.28 0.09 0.17 0.06 
Cu  3.66 0.01 1.85 1.01 
Zn  0.05 0.00 0.02 0.02 
As  0.00 0.00 0.00 0.00 
Se  26.11 13.62 19.72 4.30 
Sr  0.00 0.00 0.00 0.00 
Cd  0.66 0.34 0.47 0.11 
Ba  0.10 0.05 0.08 0.02 
Pb  0.00 0.00 0.00 0.00 
 
 
G03 Max Min Median Std 
BE  4.28 2.82 3.61 0.44 
Na  119.65 66.31 88.14 18.37 
Mg  61.93 33.19 49.75 9.11 
Al  13.27 4.43 8.58 3.05 
Si  30.20 17.02 24.30 4.83 
K  1407.42 569.47 963.74 244.60 
Ca  0.28 0.16 0.20 0.03 
V  0.64 0.17 0.43 0.12 
Cr  2.82 1.51 2.28 0.40 
Mn  143.29 78.07 111.22 18.61 
Fe  0.10 0.05 0.08 0.02 
Co  0.77 0.37 0.56 0.12 
Ni  0.27 0.10 0.19 0.06 
Cu  4.06 0.24 1.96 1.29 
Zn  0.05 0.00 0.02 0.02 
As  0.00 0.00 0.00 0.00 
Se  22.40 12.87 17.12 2.85 
Sr  0.00 0.00 0.00 0.00 
Cd  0.69 0.31 0.49 0.12 
Ba  0.10 0.05 0.08 0.02 
Pb  0.00 0.00 0.00 0.00 
 
 
G04 Max Min Median Std 
BE  4.46 2.73 3.63 0.54 
Na  127.24 68.11 98.96 21.87 
Mg  63.34 35.03 45.79 9.73 
Al  13.23 3.59 8.46 2.85 
Si  28.22 16.67 23.15 3.94 
K  1378.68 577.74 1058.36 281.40 
Ca  0.30 0.15 0.21 0.05 
V  0.64 0.19 0.40 0.12 
Cr  2.86 1.55 2.26 0.42 
Mn  146.90 93.32 125.69 16.31 
Fe  0.10 0.05 0.08 0.02 
Co  0.73 0.35 0.54 0.13 
Ni  0.26 0.09 0.19 0.05 
Cu  4.29 0.13 2.48 1.41 
Zn  0.05 0.00 0.02 0.02 
As  0.00 0.00 0.00 0.00 
Se  24.76 12.10 17.19 3.48 
Sr  0.00 0.00 0.00 0.00 
Cd  0.69 0.41 0.55 0.09 
Ba  0.10 0.05 0.07 0.02 





ICP MS Result ug / g 
G05 Max Min Median Std 
BE  4.53 2.69 3.61 0.58 
Na  123.61 63.33 96.61 20.31 
Mg  64.94 35.20 54.14 9.20 
Al  13.19 4.52 8.88 2.60 
Si  30.29 17.67 23.16 3.84 
K  1430.04 575.74 960.92 284.84 
Ca  0.29 0.19 0.25 0.03 
V  0.63 0.17 0.41 0.16 
Cr  2.86 1.48 2.18 0.38 
Mn  138.04 74.81 99.31 20.52 
Fe  0.10 0.05 0.08 0.02 
Co  0.79 0.33 0.56 0.13 
Ni  0.29 0.13 0.22 0.06 
Cu  4.17 0.66 2.51 1.23 
Zn  0.05 0.00 0.03 0.02 
As  0.00 0.00 0.00 0.00 
Se  26.06 15.32 20.51 3.11 
Sr  0.00 0.00 0.00 0.00 
Cd  0.66 0.26 0.48 0.12 
Ba  0.10 0.05 0.08 0.01 
Pb  0.00 0.00 0.00 0.00 
 
ICP MS Result ug / g 
G06 Max Min Mean Std 
BE 0.00 0.00 0.00 0.00 
Na 9.52 1.92 5.62 2.68 
Mg 95.01 38.65 59.35 15.54 
Al 27.68 18.26 23.34 3.07 
Si 2.17 0.57 1.35 0.56 
K 15.35 6.52 10.65 3.21 
Ca 263.46 153.46 214.19 33.60 
V 0.29 0.10 0.20 0.07 
Cr 0.52 0.27 0.41 0.09 
Mn 1.65 0.96 1.27 0.25 
Fe 83.99 47.01 63.00 13.35 
Co 0.06 0.01 0.03 0.02 
Ni 0.37 0.20 0.28 0.06 
Cu 0.24 0.10 0.17 0.05 
Zn 29.36 3.29 17.43 7.31 
As 0.06 0.02 0.04 0.01 
Se 0.01 0.00 0.01 0.01 
Sr 0.89 0.45 0.69 0.17 
Cd 0.01 0.00 0.01 0.00 
Ba 0.57 0.23 0.39 0.11 
Pb 0.21 0.04 0.10 0.06 
 
 
G07 Max Min Mean Std 
BE 0.00 0.00 0.00 0.00 
Na 9.22 1.83 5.39 2.45 
Mg 100.41 37.91 60.01 19.38 
Al 31.10 16.13 22.73 5.13 
Si 1.63 -0.01 0.69 0.54 
K 15.32 6.59 10.62 3.12 
Ca 271.48 127.14 189.92 43.25 
V 0.30 0.08 0.22 0.06 
Cr 0.47 0.13 0.27 0.12 
Mn 1.68 0.90 1.35 0.28 
Fe 83.24 45.60 65.70 12.16 
Co 0.05 0.01 0.04 0.01 
Ni 0.37 0.17 0.25 0.07 
Cu 0.24 0.10 0.18 0.03 
Zn 26.51 4.63 18.10 6.50 
As 0.06 0.02 0.04 0.02 
Se 0.01 0.00 0.00 0.00 
Sr 0.83 0.45 0.67 0.14 
Cd 0.01 0.00 0.00 0.00 
Ba 0.59 0.22 0.37 0.12 
Pb 0.17 0.03 0.09 0.04 
 
 
G08 Max Min Mean Std 
BE 0.00 0.00 0.00 0.00 
Na 9.46 1.66 6.44 2.26 
Mg 100.65 32.04 62.43 20.58 
Al 26.86 17.63 21.68 3.41 
Si 2.10 0.25 1.12 0.63 
K 14.45 7.18 11.18 2.23 
Ca 284.45 123.24 205.77 48.49 
V 0.25 0.09 0.16 0.06 
Cr 0.51 0.16 0.34 0.12 
Mn 1.67 0.95 1.32 0.24 
Fe 83.34 44.10 64.77 10.58 
Co 0.06 0.01 0.04 0.02 
Ni 0.31 0.19 0.25 0.04 
Cu 0.25 0.10 0.19 0.05 
Zn 28.44 2.37 15.97 8.84 
As 0.06 0.03 0.04 0.01 
Se 0.01 0.00 0.01 0.01 
Sr 0.89 0.49 0.70 0.11 
Cd 0.01 0.00 0.00 0.00 
Ba 0.57 0.23 0.35 0.09 





    
C 
 
ICP MS Result ug / g 
G09 Max Min Mean Std 
BE 0.00 0.00 0.00 0.00 
Na 6.91 1.69 4.37 1.42 
Mg 88.87 30.95 66.89 19.06 
Al 28.89 16.09 22.75 3.59 
Si 2.06 -0.05 0.86 0.80 
K 15.33 7.02 11.01 2.73 
Ca 251.96 118.86 208.08 48.09 
V 0.28 0.09 0.17 0.06 
Cr 0.51 0.22 0.35 0.08 
Mn 1.62 0.96 1.22 0.24 
Fe 84.32 43.11 64.75 12.43 
Co 0.06 0.01 0.04 0.02 
Ni 0.37 0.17 0.27 0.08 
Cu 0.25 0.13 0.19 0.04 
Zn 28.75 1.17 13.61 8.62 
As 0.06 0.02 0.03 0.01 
Se 0.01 0.00 0.00 0.00 
Sr 0.84 0.45 0.61 0.12 
Cd 0.01 0.00 0.01 0.01 
Ba 0.51 0.26 0.40 0.09 
Pb 0.21 0.03 0.10 0.05 
 
ICP MS Result ug / g 
G10 Max Min Mean Std 
BE 0.00 0.00 0.00 0.00 
Na 9.01 1.29 5.57 2.67 
Mg 100.40 35.27 68.30 21.85 
Al 28.96 17.05 23.47 3.85 
Si 2.25 0.00 1.13 0.77 
K 14.88 6.49 11.07 2.88 
Ca 261.79 116.74 183.83 46.05 
V 0.28 0.12 0.19 0.05 
Cr 0.42 0.14 0.28 0.09 
Mn 1.66 0.99 1.34 0.20 
Fe 80.48 45.62 61.14 11.11 
Co 0.06 0.01 0.03 0.02 
Ni 0.38 0.17 0.24 0.06 
Cu 0.25 0.12 0.18 0.05 
Zn 30.04 2.66 17.36 7.11 
As 0.06 0.03 0.05 0.01 
Se 0.01 0.00 0.00 0.00 
Sr 0.90 0.47 0.68 0.14 
Cd 0.01 0.00 0.01 0.01 
Ba 0.59 0.23 0.37 0.11 







Seasonal 2014 Deposition rate [mg/cm2]    2015 Deposition rate [mg/cm2] Seasonal 
Winter  G01 G02 G03 G04 G05 G06  G07 G08 G09 G10   G01 G02 G03 G04 G05 G06  G07 G08 G09 G10 Winter  
December 0.4 0.3 0.3 0.2 0.2 0 0.6 0.5 0.4 0.5   1.5 0.2 0.1 0.2 0.2 0.2 ~0.9 0.3 0.3 1 December 
January 0.5 0.5 0.5 0.5 0.5 0.2 0.5 0.6 0.8 0.8   0.5 0.5 0.5 0.3 0.5 0.5 0.8 0.5 0.6 0.6 January 
February 0.7 0.8 0.7 0.4 0.3 0.3 0.6 0.5 0.5 0.6   0.5 0.5 0.6 0.4 0.3 0.2 0.8 1 1 1 February 
Spring                       Spring 
March 0.6 0.8 0.2 0.2 0.5 0.2 0.2 0.7 0.6 1   0.4 0.5 0.6 0.4 0.3 0.6 0.8 0.9 1 1 March 
April 2.6 2 0.5 ~2 0.2 0.2 1 0.5 0.9 0.8   0.4 0.4 0.4 0.5 0.3 0.6 0.9 1 1.5 1.6 April 
May 1 0.5 0.3 ~3 0.3 0.1 0.5 0.2 0.5 0.2   1 0.9 0.9 0.8 0.4 0.6 1 1.2 1.4 1.4 May 
Summer                        Summer  
June 1.5 0.8 0.8 0.2 1 0.2 0.5 0.6 1 1   0.7 0.7 0.7 0.5 0.2 0.5 0.9 1 1.4 1.5 June 
July 0.8 0.5 0.8 0.2 ~0.9 0.3 0.6 1.9 1.2 0.9   0.9 0.8 0.8 0.6 0.4 0.4 0.8 0.9 1.5 1.4 July 
August 1.5 1 0.9 0 ~2 0.6 0.3 ~2 1.8 2.1   0.8 0.8 0.7 0.5 0.3 0.3 0.7 0.8 1.2 1.1 August 
Fall                        Fall  
September 1.5 1.5 0.9 0.5 ~1 ~15.
9 
0.2 0.6 0.9 0.9   0.5 0.4 0.5 0.3 0.2 0.2 0.5 1.1 1 1.2 September 
October 0.9 0.6 0.2 0.2 0.1 ~9.5 0.2 0.3 0.3 0.3   0.4 0.4 0.5 0.3 0.2 0.1 0.5 0.8 0.8 0.8 October 
November 2 0.9 0.2 0.2 0.1 1 0.2 0.2 0.5 0.2   0.4 0.3 0.4 0.2 0.2 0.1 0.5 0.6 0.6 0.6 November 







    
E 
 
Seasonal 2016 Deposition rate [mg/cm2]    2017 Deposition rate [mg/cm2] Seasonal 
Winter  G01 G02 G03 G04 G05 G06  G07 G08 G09 G10   G01 G02 G03 G04 G05 G06  G07 G08 G09 G10 Winter  
December 0.4 0.4 0.4 0.2 0 0 0.5 0.6 0.6 0.6   0.5 0.5 0.5 0.4 0.2 0 0.4 0.5 0.6 0.6 December 
January 0.3 0.4 0.3 0.4 0.2 0.2 0.4 0.6 0.6 0.6   0.3 0.4 0.3 0.2 0.2 0 0.5 0.4 0.5 0.6 January 
February 0.3 0.2 0.3 0.3 0.2 0.1 0.6 0.6 0.7 0.6   0.3 0.2 0.3 0.2 0 0 0.8 0.5 0.8 0.8 February 
Spring                       Spring 
March 0.4 0.4 0.4 0.2 0 0 0.5 0.6 0.6 0.6   0.5 0.5 0.5 0.4 0.2 0 0.4 0.5 0.6 0.6 March 
April 0.3 0.4 0.3 0.4 0.2 0.2 0.4 0.6 0.6 0.6   0.3 0.4 0.3 0.2 0.2 0 0.5 0.4 0.5 0.6 April 
May 0.3 0.2 0.3 0.3 0.2 0.1 0.6 0.6 0.7 0.6   0.3 0.2 0.3 0.2 0 0 0.8 0.5 0.8 0.8 May 
Summer                        Summer  
June 0.8 0.6 0.8 0.4 0.2 0 1 0.5 0.9 0.9   0.3 0.2 0.3 0.2 0.5 0.5 1 1.2 1 1.3 June 
July 0.8 0.7 0.8 0.5 0.4 0.4 1 0.7 1.2 1.4   0.8 0.6 0.8 0.3 0 0.3 0.8 1 1.3 1.5 July 
August 0.5 0.3 0.6 0.4 0.2 0 0.8 0.5 0.7 0.9   0.5 0.6 0.6 0.4 0.2 0.2 0.9 1 1 1.2 August 
Fall                        Fall  
September 0.6 0.6 0.5 0.2 0.3 0 0.7 0.5 0.7 0.7   0.6 0.4 0.5 0.2 0 0 0.7 0.5 0.7 0.8 September 
October 0.4 0.3 0.4 0.2 0 0 0.3 0.4 0.3 0.5   0.5 0.4 0.2 0.3 0.2 0.2 0.6 0.6 0.8 0.9 October 
November 0.3 0.2 0.3 0 0.3 0 0.3 0.6 0.5 0.6   0.2 0.2 0.2 0 0 0 0.4 0.2 0.4 0.4 November 
December 0.5 0.5 0.5 0.4 0.2 0 0.4 0.5 0.6 0.6   0.4 0.3 0.3 0.2 0.2 0 0.6 0.5 0.4 0.5 December 
 
